Source regions of Great Lakes in toxic pollutants by Gatz, Donald F.
Contract Report 2000-01 
Source Regions of Great Lakes Toxic Pollutants 
by 
Donald F. Gatz 
Prepared for the 
Michigan Great Lakes Protection Fund 
January 2000 
Illinois State Water Survey 
Atmospheric Environment Section 
Champaign, Illinois 
A Division of the Illinois Department of Natural Resources 
Source Regions of Great Lakes Toxic Pollutants 
Donald F. Gatz 
Illinois State Water Survey 
2204 Griffith Dr., Champaign, IL 61820 
December 1999 
Prepared for 
Michigan Great Lakes Protection Fund 
Michigan Department of Natural Resources 
Lansing, Michigan 
Table of Contents 
Page 
Table of Contents ii 
List of Tables v 
List of Figures vii 
ABSTRACT 1 
1. INTRODUCTION 3 
2. SAMPLE COLLECTION AND ANALYSIS 4 
2.1 Field Methods 4 
2.2 Laboratory Methods 4 
2.3 Data Management 6 
2.4 Back-Trajectory Methods 7 
2.5 Data Analysis Methods 7 
2.5.1 Principal Components Analysis 7 
2.5.2 Back-Trajectories Associated with Highest and Lowest Concentrations . 8 
2.5.3 Cluster Analysis of Back-Trajectories 8 
2.5.4 Potential Source Contribution Function 9 
3.0 RESULTS 10 
3.1 Summary Statistics 10 
3.1.1 Mean and Median Concentrations by Species and Sampling Site . . . . 10 
3.1.2 Comparing Concentrations of Related Species at Individual Sampling 
Sites 10 
3.1.3 Comparing Concentrations of a Given Species 
at Several Sampling Sites 21 
3.2 Results for Eagle Harbor 25 
3.2.1 Principal Components Analysis 25 
3.2.2 Back-Trajectories Associated with Highest and Lowest Concentrations 25 
3.2.3 Cluster Analysis of Back-Trajectories 39 
3.2.4 Potential Source Contribution Function 49 
3.2.5 Summary Table 63 
-ii-
3.3 Results for Sleeping Bear 66 
3.3.1 Principal Components Analysis 66 
3.3.2 Back-Trajectories Associated with Highest and Lowest Concentrations 67 
3.3.3 Cluster Analysis of Back-Trajectories 67 
3.3.4 Evidence for Local Sources of γ-HCH near Sleeping Bear: Surface Wind 
Analysis of Three High-concentration Samples 76 
3.3.5 Potential Source Contribution Function 79 
3.3.6 Summary Table 93 
3.4 Results for Sturgeon Point 93 
3.4.1 Principal Components Analysis 93 
3.4.2 Cluster Analysis of Back-Trajectories 97 
3.4.3 Potential Source Contribution Function 104 
3.4.4 Summary Table 118 
3.5 Results for Indiana Dunes 118 
3.5.1 Principal Components Analysis 118 
3.5.2 Cluster Analysis of Back-Trajectories 118 
3.5.3 Potential Source Contribution Function 128 
3.5.4 Summary Table 140 
3.6 Results for Illinois Institute of Technology 140 
3.6.1 Principal Components Analysis 140 
3.6.2 Cluster Analysis of Back-Trajectories 140 
3.6.3 Potential Source Contribution Function 149 
3.6.4 Summary Table 158 
3.7 Summary 162 
3.7.1 PCBs 162 
3.7.2 Pesticides 164 
4. CONCLUSIONS 185 
4.1 General Conclusions 185 
4.2 PCBs 186 
4.3 Pesticides 186 
4.4 PAHs 188 
-iii-
5. SUGGESTIONS FOR FUTURE WORK 188 
6. ACKNOWLEDGMENTS 188 
7. REFERENCES 189 
-iv-
List of Tables 
1. Summary of PCB Concentrations (pg/m3), by Homolog Group 
and Sampling Site 11 
2. Summary of Pesticide Concentrations (pg/m3), by Compound and Sampling Site 12 
3. Summary of PAH Concentrations (pg/m3), by Compound and Sampling Site 13 
4. Summary of Back-Trajectory Clustering Results for Eagle Harbor 39 
5. Summary of Evidence for Source Locations and Mechanisms, Based on 
Eagle Harbor Data 64 
6. Summary of Back-Trajectory Clustering Results for Sleeping Bear 68 
7. Summary of Evidence for Source Locations and Mechanisms, Based on 
Sleeping Bear Data 94 
8. Summary of Back-Trajectory Clustering Results for Sturgeon Point 97 
9. Summary of Evidence for Source Locations and Mechanisms, Based on 
Sturgeon Point Data 119 
10. Summary of Back-Trajectory Clustering Results for Indiana Dunes 122 
11. Summary of Evidence for Source Locations and Mechanisms, Based on 
Indiana Dunes Data 141 
12. Summary of Back-Trajectory Clustering Results for Illinois 
Institute of Technology 144 
13. Summary of Evidence for Source Locations and Mechanisms, Based on 
IIT Data 160 
14. Summary for Total PCBs 163 
15. Summary for α-HCH ..................................................                                                    165 
16. Summary for γ-HCH................................................                                                 166 
17. Summary for Dieldrin 169 
18. Summary for HCB 171 
-v-
19. Summary for γ-Chlordane........................................... 173 
20. Summary for α-Chlordane........................................... 174 
21. Summary for DDT 176 
22. Summary for DDE 177 
23. Summary for ACNE 180 
24. Summary for PHEN 181 
25. Summary for PYRN 182 
26. Summary for CHRY 183 
-vi-
List of Figures 
1. Locations and durations of sampling sites 5 
2. PCB concentrations by sampling site and homolog group 14 
3. Pesticide concentrations by sampling site and compound 15 
4. PAH concentrations by sampling site and compound 16 
5. Maximum/minimum concentration ratios by PCB homolog group 18 
6. Maximum/minimum concentration ratios by pesticide compound 19 
7. Maximum/minimum concentration ratios by PAH compound 20 
8. PCB concentrations by homolog group and sampling site 22 
9. Pesticide concentrations by compound and sampling site 23 
10. PAH concentrations by compound and sampling site 24 
11. Principal components results for Eagle Harbor 26 
12. Back-trajectories for PCB at Eagle Harbor 28 
13. Back-trajectories for α-HCH at Eagle Harbor 29 
14. Back-trajectories for γ-HCH at Eagle Harbor 30 
15. Back-trajectories for γ-chlordane at Eagle Harbor 31 
16. Back-trajectories for dieldrin at Eagle Harbor 32 
17. Back-trajectories for DDT at Eagle Harbor 34 
18. Back-trajectories for ACNY at Eagle Harbor 35 
19. Back-trajectories for FLOR at Eagle Harbor 36 
20. Back-trajectories for ANTH at Eagle Harbor 37 
21. Back-trajectories for CHRY at Eagle Harbor 38 
-vii-
22. Back-trajectory clusters for Eagle Harbor 40 
23. Concentrations of PCBs by back-trajectory cluster at Eagle Harbor 43 
24. Concentrations of pesticides by back-trajectory cluster at Eagle Harbor 44 
25. Concentrations of PAHs by back-trajectory cluster at Eagle Harbor 45 
26. Results of PSCF analysis for total PCBs at Eagle Harbor 50 
27. Results of PSCF analysis for dichloro-PCBs at Eagle Harbor 52 
28. Results of PSCF analysis for tetrachloro-PCBs at Eagle Harbor 52 
29. Results of PSCF analysis for hexachloro-PCBs at Eagle Harbor 53 
30. Results of PSCF analysis for octachloro-PCBs at Eagle Harbor 53 
31. Results of PSCF analysis for α-HCH at Eagle Harbor 55 
32. Results of PSCF analysis for γ-HCH at Eagle Harbor 55 
33. Results of PSCF analysis for dieldrin at Eagle Harbor 56 
34. Results of PSCF analysis for HCB at Eagle Harbor 56 
35. Results of PSCF analysis for DDT at Eagle Harbor 57 
36. Results of PSCF analysis for DDE at Eagle Harbor 57 
37. Results of PSCF analysis for γ-chlordane at Eagle Harbor 58 
38. Results of PSCF analysis for α-chlordane at Eagle Harbor 58 
39. Results of PSCF analysis for ACNE at Eagle Harbor 61 
40. Results of PSCF analysis for PHEN at Eagle Harbor 61 
41. Results of PSCF analysis for PYRN at Eagle Harbor 62 
42. Results of PSCF analysis for CHRY at Eagle Harbor 62 
43. Principal components results for Sleeping Bear 67 
44. Back-trajectory clusters for Sleeping Bear 69 
-viii-
45. Concentrations of PCBs by back-trajectory cluster at Sleeping Bear 71 
46. Concentrations of pesticides by back-trajectory cluster at Sleeping Bear 72 
47. Concentrations of PAHs by back-trajectory cluster at Sleeping Bear 73 
48. Variation of α-HCH/γ-HCH ratio at five sampling sites 77 
49. Wind direction frequencies for lindane at Sleeping Bear 78 
50. Results of PSCF analysis for total PCBs at Sleeping Bear 80 
51. Results of PSCF analysis for dichloro-PCBs at Sleeping Bear 82 
52. Results of PSCF analysis for tetrachloro-PCBs at Sleeping Bear 82 
53. Results of PSCF analysis for hexachloro-PCBs at Sleeping Bear 83 
54. Results of PSCF analysis for octachloro-PCBs at Sleeping Bear 83 
55. Results of PSCF analysis for α-HCH at Sleeping Bear 85 
56. Results of PSCF analysis for γ-HCH at Sleeping Bear 85 
57. Results of PSCF analysis for dieldrin at Sleeping Bear 86 
58. Results of PSCF analysis for HCB at Sleeping Bear 86 
59. Results of PSCF analysis for DDT at Sleeping Bear 88 
60. Results of PSCF analysis for DDE at Sleeping Bear 88 
61. Results of PSCF analysis for γ-chlordane at Sleeping Bear 89 
62. Results of PSCF analysis for α-chlordane at Sleeping Bear 89 
63. Results of PSCF analysis for ACNE at Sleeping Bear 91 
64. Results of PSCF analysis for PHEN at Sleeping Bear 91 
65. Results of PSCF analysis for PYRN at Sleeping Bear 92 
66. Results of PSCF analysis for CHRY at Sleeping Bear 92 
67. Principal components results for Sturgeon Point 96 
-ix-
68. Back-trajectory clusters for Sturgeon Point 98 
69. Concentrations of PCBs by back-trajectory cluster at Sturgeon Point 100 
70. Concentrations of pesticides by back-trajectory cluster at Sturgeon Point . . . . 101 
71. Concentrations of PAHs by back-trajectory cluster at Sturgeon Point 102 
72. Results of PSCF analysis for total PCBs at Sturgeon Point 105 
73. Results of PSCF analysis for dichloro-PCBs at Sturgeon Point 107 
74. Results of PSCF analysis for tetrachloro-PCBs at Sturgeon Point 107 
75. Results of PSCF analysis for hexachloro-PCBs at Sturgeon Point 108 
76. Results of PSCF analysis for octachloro-PCBs at Sturgeon Point 108 
77. Results of PSCF analysis for α-HCH at Sturgeon Point 109 
78. Results of PSCF analysis for γ-HCH at Sturgeon Point 109 
79. Results of PSCF analysis for dieldrin at Sturgeon Point 110 
80. Results of PSCF analysis for HCB at Sturgeon Point 110 
81. Results of PSCF analysis for DDT at Sturgeon Point 111 
82. Results of PSCF analysis for DDE at Sturgeon Point 111 
83. Results of PSCF analysis for γ-chlordane at Sturgeon Point 112 
84. Results of PSCF analysis for α-chlordane at Sturgeon Point 112 
85. Results of PSCF analysis for ACNE at Sturgeon Point 116 
86. Results of PSCF analysis for PHEN at Sturgeon Point 116 
87. Results of PSCF analysis for PYRN at Sturgeon Point 117 
88. Results of PSCF analysis for CHRY at Sturgeon Point 117 
89. Principal components results for Indiana Dunes 121 
90. Back-trajectory clusters for Indiana Dunes 123 
-x-
91. Concentrations of PCBs by back-trajectory cluster at Indiana Dunes 125 
92. Concentrations of pesticides by back-trajectory cluster at Indiana Dunes 127 
93. Concentrations of PAHs by back-trajectory cluster at Indiana Dunes 129 
94. Results of PSCF analysis for total PCBs at Indiana Dunes 130 
95. Results of PSCF analysis for dichloro-PCBs at Indiana Dunes 132 
96. Results of PSCF analysis for tetrachloro-PCBs at Indiana Dunes 132 
97. Results of PSCF analysis for hexachloro-PCBs at Indiana Dunes 133 
98. Results of PSCF analysis for octachloro-PCBs at Indiana Dunes 133 
99. Results of PSCF analysis for α-HCH at Indiana Dunes 134 
100. Results of PSCF analysis for γ-HCH at Indiana Dunes 134 
101. Results of PSCF analysis for dieldrin at Indiana Dunes 135 
102. Results of PSCF analysis for HCB at Indiana Dunes 135 
103. Results of PSCF analysis for DDT at Indiana Dunes 136 
104. Results of PSCF analysis for DDE at Indiana Dunes 136 
105. Results of PSCF analysis for γ-chlordane at Indiana Dunes 137 
106. Results of PSCF analysis for α-chlordane at Indiana Dunes 137 
107. Principal components results for Illinois Institute of Technology 143 
108. Back-trajectory clusters for Illinois Institute of Technology 145 
109. Concentrations of PCBs by back-trajectory cluster at Illinois 
Institute of Technology 147 
110. Concentrations of pesticides by back-trajectory cluster at Illinois 
Institute of Technology 148 
111. Results of PSCF analysis for total PCBs at Illinois Institute of Technology . . . 150 
-xi-
112. Results of PSCF analysis for dichloro-PCBs at Illinois 
Institute of Technology 151 
113. Results of PSCF analysis for tetrachloro-PCBs at Illinois 
Institute of Technology 151 
114. Results of PSCF analysis for hexachloro-PCBs at Illinois 
Institute of Technology 152 
115. Results of PSCF analysis for octachloro-PCBs at Illinois 
Institute of Technology 152 
116. Results of PSCF analysis for α-HCH at Illinois Institute of Technology 154 
117. Results of PSCF analysis for γ-HCH at Illinois Institute of Technology 154 
118. Results of PSCF analysis for dieldrin at Illinois Institute of Technology 156 
119. Results of PSCF analysis for HCB at Illinois Institute of Technology 156 
120. Results of PSCF analysis for DDT at Illinois Institute of Technology 157 
121. Results of PSCF analysis for DDE at Illinois Institute of Technology 157 
122. Results of PSCF analysis for γ-chlordane at Illinois Institute of Technology .. 159 
123. Results of PSCF analysis for α-chlordane at Illinois 
Institute of Technology 159 
-xii-
Source Regions of Great Lakes Toxic Pollutants 
Donald F. Gatz 
Illinois State Water Survey 
2204 Griffith Dr., Champaign, IL 61820 
ABSTRACT 
Toxic pollutants are a concern in the Great Lakes because many of them tend to bio-
accumulate as they move up the food chain. Through bio-accumulation they can reach 
concentrations in fatty tissues sufficient to cause health effects in wildlife, and potentially also in 
humans, through consumption of contaminated fish. Atmospheric deposition is known to be an 
important pathway to the Great Lakes for some toxic pollutants, and is likely to be important for 
others. The U.S. Environmental Protection Agency's first report to Congress on deposition of air 
pollutants to the Great Lakes estimated that atmospheric deposition contributes 77-89% of the 
total loading of polychlorinated biphenyls (PCBs) to Lake Superior. The comparable 
contributions to Lakes Michigan and Huron are 58% and 63%, respectively. To reduce input to 
the lakes through the atmospheric deposition pathway, decision makers must know the nature and 
locations of the sources that contribute to atmospheric concentrations so they can determine 
whether control methods are feasible and, if so, where to apply them. The purpose of this work 
was to identify locations of the source regions of some of the most important airborne toxic 
pollutants in the Great Lakes area. 
The data used in these analyses were previous measurements of gas-phase toxic pollutant 
concentrations at the U.S. Integrated Atmospheric Deposition Network (IADN) sites at Eagle 
Harbor, Michigan, on Lake Superior; at Sleeping Bear Dunes National Lake Shore on Lake 
Michigan; at Sturgeon Point on Lake Erie; and at the Lake Michigan Mass Balance (LMMB) sites 
at Indiana Dunes National Lake Shore, in Indiana; and at the Illinois Institute of Technology (ITT) 
in Chicago. A multiple-technique approach was used to identify source locations. This method 
employed a combination of 1) principal components analysis applied to measurements of gas-
phase pollutant concentrations, and 2) statistical analysis of back-trajectories associated with 
pollutant measurements, using the following multiple complementary techniques: a) comparison 
of trajectories of high and low concentrations, b) cluster analysis of back-trajectories, and c) 
potential source contribution function (PSCF) analysis. 
Observed concentrations generally increase from the most remote to the most urban 
sampling sites, i.e., in the order Eagle Harbor, Sleeping Bear, Sturgeon Point, Indiana Dunes, and 
IIT. A notable exception was γ-hexachlorocyclohexane (γ-HCH) (lindane), for which the highest 
mean and median concentrations were observed at Sleeping Bear. 
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For PCBs, the principal components results indicate that temperature and solar radiation 
were frequently present on the same components as the total PCBs and the various homolog 
sums, with a tendency for loadings to increase from the more remote to the more urban sampling 
sites. Trajectory cluster analyses were consistent with the finding that temperature was 
correlated with concentration, in that southerly winds were associated with some of the highest 
median concentrations at four of the five sites. The PSCF analysis results were consistent as 
well, indicating that likely source areas for PCBs are widespread in states south of the respective 
sampling sites at four of the five sites. The targeted areas frequently included the 
urban/industrial concentration at the south end of Lake Michigan. At Sturgeon Point, likely 
source areas included the Buffalo/Niagara Falls area and the Pittsburgh area. Additional 
locations considered to be possible source areas include Saginaw—Bay City—Midland, 
Cincinnati, and Hamilton/Toronto. 
The tendency for higher temperature loadings at the more urban sites, and the occurrence 
of moderate loadings for solar radiation only at the most urban sites, suggest that the release of 
sorbed PCBs into the atmosphere under conditions of high temperatures and strong sunlight 
occurs primarily near urban and industrial source areas. This could imply that most sorbed PCBs 
are still located near their original source areas, perhaps leaking from landfills, which would 
explain why observed concentrations were highest at the IIT and Indiana Dunes sites. The 
weaker loadings for temperature at the more remote sites could indicate that, while temperature-
modulated volatilization has an influence on concentrations at remote locations, that influence is 
limited because of their distance from the strongest volatilization sources. 
For the pesticides, principal components analysis again found that temperature and solar 
radiation frequently have at least moderate loadings on the same components as the various 
compounds. This is not surprising in view of the fact that at least five of the ten pesticides 
occurred on the same component as the PCBs at four of the five sampling sites. Wind direction 
was also important for one or more of the pesticides at four of the five sampling sites. Trajectory 
cluster analyses were consistent with the importance of temperature in that southerly winds were 
associated with some of the highest median concentrations at four or more sites for all but two of 
the pesticides examined in detail. The PSCF analyses indicated that likely source areas for the 
pesticides are widespread in the Great Lakes states. The Lower Peninsula of Michigan appears to 
be a source of the HCH compounds and perhaps other pesticides as well. Additional locations 
considered to be possible source areas include previous areas of high usage in the southern 
United States as well as urban areas relatively near the sampling sites. 
The polycyclic aromatic hydrocarbons (PAHs) behave quite differently from the PCBs 
and pesticides. They are less dependent on temperature, so revolatilization of previously 
deposited materials does not appear to be such a large influence on concentrations, especially for 
the higher molecular weight compounds. A reduced dependence on solar radiation is also 
consistent with the relatively uniform year-round concentrations of most PAHs, and the 
occasional inverse relationship might be explained by the greater atmospheric photoreactivity of 
the PAHs. The inverse correlation between concentrations and wind speed suggests that local 
near-surface sources can be important contributors. The PSCF distributions, and even the 
trajectory clusters, mostly point to urban and industrial locations as source areas. 
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1. INTRODUCTION 
The primary objective of this investigation was to identify locations of the source regions 
of some of the most important airborne toxic pollutants in the Great Lakes area. Improved 
knowledge of source regions should be useful to those who must formulate strategies for 
eliminating persistent bioaccumulating toxic compounds from the Great Lakes. 
Certain toxic pollutants in Great Lakes waters tend to bioaccumulate up the food chain 
and reach concentrations in fatty tissues sufficient to cause health effects in wildlife (Colborn, 
1991; Kubiak et al., 1989; Fox et al., 1991a,b; Hornshaw et al., 1983) and potentially also in 
humans through consumption of contaminated fish (Flint and Vena, 1991; Swain, 1988). The 
pollutants involved in these problems include many different classes and species of chemicals, 
and their source locations are likely to differ as well. Some compounds, such as polychlorinated 
biphenyls (PCBs) have long been banned from production and/or use. They currently appear to 
be cycling through the environment via repeated sorption/desorption to and from environmental 
surfaces, but are probably still leaking from buildings, landfills, and storage areas as well. 
Others, such as the pesticide lindane, are still in use in some areas. Most of these materials are 
semivolatile, so they are found partially in the gas phase in the atmosphere, and partially sorbed 
to solids. As air temperatures warm, some fraction of their total environmental burden desorbs 
and enters the gas phase in the atmosphere. As temperatures drop, some of the gas-phase 
molecules resorb to solids. In the gas phase, or when sorbed to airborne particles, these materials 
are transported by winds, and they can subsequently redeposit in new locations by processes of 
wet or dry deposition. 
It usually requires measurement of the complete mass balance of a lake to determine the 
relative contribution of atmospheric deposition. The first U.S. Environmental Protection Agency 
(USEPA) (1994) report to Congress on deposition of air pollutants to the Great Lakes estimated 
that atmospheric deposition contributes 77-89% of the total loading of PCBs to Lake Superior. 
The comparable contributions to Lakes Michigan and Huron are 58% and 63%, respectively. For 
those materials and lakes for which atmospheric deposition is important, it is also important to 
know the nature and location of the sources that contribute to atmospheric concentrations, so we 
can determine whether control methods are feasible and, if so, where to apply them. 
The approach to identifying source locations used in this work was a combination of 1) 
principal components analysis (PCA) applied to measurements of gas-phase pollutant 
concentrations and 2) statistical analysis of back-trajectories associated with pollutant 
measurements, using the following multiple complementary techniques: a) comparison of 
trajectories of high and low concentrations, b) cluster analysis of back-trajectories, and c) 
potential source contribution function analysis. 
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2. SAMPLE COLLECTION AND ANALYSIS 
2.1 Field Methods 
The measurements of gas-phase toxic pollutant concentrations analyzed in this work were 
made at the U.S. Integrated Atmospheric Deposition Network (IADN) sites at Eagle Harbor, 
Michigan, on Lake Superior; at Sleeping Bear Dunes National Lake Shore on Lake Michigan; at 
Sturgeon Point on Lake Erie; and at the Lake Michigan Mass Balance (LMMB) sites at the 
Illinois Institute of Technology (IIT) in Chicago; and at Indiana Dunes National Lake Shore in 
Indiana. Figure 1 shows the locations of the sampling sites. Reports detailing methods used and 
data obtained from 1990-1994 have been published (Gatz et al., 1994b; Sweet et al., 1996). 
Quality assurance methods and results have also been reported (Harlin et al., 1994). 
Sampling began at different times at the various sites, so the data records of the several 
sites are of different lengths. Data were not available for all sampling dates. In some cases 
scheduled sampling did not occur, and some collected samples were not analyzed, or were lost in 
shipment or in the laboratory. At Eagle Harbor, 92 samples are available from November 1990 
through July 1994. The Sleeping Bear data record contains 65 samples from December 1991 
through July 1994. At Sturgeon Point, 66 samples are available from November 1991 through 
July 1994. At IIT the first of 32 available samples was collected in March 1993, and the last in 
January 1995. At Indiana Dunes, 43 samples are available from December 1992 through October 
1995. 
The 24-hour samples of gas-phase toxic pollutants were collected at 12-day intervals on 
precleaned XAD-2 resin or, early in the sampling program, on polyurethane foam (PUF), using 
modified high-volume samplers. The XAD-2 or PUF adsorbents were positioned behind quartz-
fiber filters, which collected airborne particles. Most particulate samples were composited with 
others collected during the same month prior to chemical analysis, so their measurements were 
not suitable for this investigation. Most compounds examined in this investigation occur in the 
atmosphere primarily in the gas phase. Each site also measured wind speed and direction at 10 
meters (m), as well as temperature, relative humidity, precipitation, and solar radiation at 2 m 
above the surface. 
2.2 Laboratory Methods 
Samples were stored at -20°C from receipt at the laboratory until extraction. The XAD 
and PUF adsorbents were Soxhlet-extracted for 24 hours with 1:1 hexane/acetone, concentrated 
by rotary evaporation, and cleaned and fractionated by column chromatography with silica gel. 
Fractions eluting from the silica column were analyzed for about 100 PCB congeners and 10 
pesticides using gas chromatography with electron-capture detection. Measurements of 18 PAHs 
were made by gas-chromatography with mass spectrometry. Sweet et al. (1996) provide details of 
the laboratory methods, including associated measurements of blanks and standards. 
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Figure 1. Locations and durations of sampling sites. 
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2.3 Data Management 
Meteorological data were recorded electronically by a data-logger in the field. Hourly 
values of all measured parameters were manually downloaded by phone daily, except at Sturgeon 
Point, where data were recorded on cassette tapes, which were mailed to the Water Survey every 
two weeks. Hourly values were scanned by computer for missing data, out of range data, unusual 
rates of change, or unusually uniform values over time. Problems were examined manually. If 
problems with the sensor were found, the data were deleted or flagged. 
All site operators used the same written protocols for sampling operations. Log books 
were kept at each sampling site describing activities carried out during all site visits. Every 
sample was assigned a unique identification (ID) code, and all information associated with each 
sample was entered on a field data sheet that accompanied the sample when it was shipped to the 
laboratory. The ID code identified the sample thoughout laboratory analysis and data reporting. 
Files containing original data sheets and all sampling records are maintained at the Water Survey. 
Analytical data and sampling data from the field sheets were combined in electronic 
spreadsheets (one per sampling site) as analytical data were received from the laboratory. The 
data were also entered into a computer database program (R-Base software from Microrim, 
Redmond, Washington). 
Analytical data stored are actual measured mass, uncorrected for blanks or recoveries. 
Concentrations (picograms/cubic meter, pg/m3) were computed by dividing measured mass (pg) 
by the measured sample volume (m3). The limit of detection (LOD) can be used to estimate 
whether sample values are significantly above the average blank level. Average analytical 
recoveries were generally between 90 and 110%. Details are available in a quality assurance 
report published previously (Harlin et al., 1994). The LOD appropriate to a sample of average 
volume was calculated by adding the mean of at least ten field blank samples to three times the 
standard deviation of the field blanks and dividing by the average volume of a gas-phase sample 
(815 m3). If all the field blanks were zero, the minimum detection limit (MDL) was used as the 
LOD. The MDL was determined by spiking the sample matrix with a "low-level" standard. The 
MDL is defined in the Code of Federal Regulations (1984), as the standard deviation of seven to 
ten determinations on these samples, multiplied by the one-sided Student's t-value for a 99% 
confidence level. The LOD or MDL divided by the average sample volume is the maximum 
probable (99% confidence) contribution of the blank to the concentration reported in the samples 
(Sweet et al., 1996). 
Criteria for deleting samples from the data set included: duplicate samples collected for 
determining precision (sample 1 was kept for subsequent data analyses and sample 2 was 
deleted), interferences reported by the laboratory, and contamination reported by the laboratory. 
Notes on the occurrence of interferences or contamination appear in the data spreadsheets. 
Samples with any suspected contamination were dropped from the data set. 
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2.4 Back-Trajectory Methods 
We computed four-day back-trajectories using the Hybrid Single-particle Lagrangian 
Integrated Trajectory (HYSPLIT) model, developed by the National Oceanic and Atmospheric 
Administration (NOAA) (Draxler, 1992; Draxler and Hess, 1997). A personal-computer beta-
version of version 4.0 for Windows NT was used. The back-trajectory model used gridded wind 
estimates produced by NOAA's Nested Grid Model (NGM) (Rolph, 1997) as input. The NGM 
forecasts three-dimensional winds on a 180-kilometer (km) grid, and is reinitialized every 12 
hours at 0000 and 1200 Greenwich mean time (GMT). The model output does not account for 
vertical motion caused by small-scale convection. The HYSPLTT model was evaluated with data 
from the Across North America Tracer Experiment (ANATEX) and found to have an absolute 
trajectory error of 20-30% of the travel distance (Draxler, 1991). Each four-day back-trajectory 
calculation produced latitude/longitude endpoint locations of 96 one-hour segments. Three 
trajectories were computed for each sample. The three trajectories ended at the sampling site 1) 
at the mid-point of the 24-hour sampling period, 2) three hours after sampling began, and 3) three 
hours before sampling ended. 
2.5 Data Analysis Methods 
2.5.1 Principal Components Analysis 
Principal components analysis was carried out using SYSTAT statistical software (SPSS, 
1997). Because many of the measured pollutant concentrations have been found to be 
lognormally distributed (Gatz et al., 1994a), concentrations were transformed into normally 
distributed variables using the log transformation. The same transformation provided normal or 
near-normal distributions of solar radiation, the only meteorologic variable, other than wind 
direction frequencies, for which the original data were found to be non-normal using the 
Lilliefors variation of the Kolmogorov-Smirnov test (SPSS, 1997). Wind direction frequencies 
were also transformed to normal or near-normal distributions using the arcsine of the square root 
of the directional frequencies (Sokal and Rohlf, 1981). The number of components selected for 
rotation was decided by weighing both 1) breaks in the slope of the scree diagram, and 2) the 
Eigenvalue of the component (Rummel, 1970). The Varimax method was used for rotation of 
the initial components. 
At each sampling site, correlation analyses were carried out to identify meteorological 
variables that were highly correlated with others and to suggest which variables could be 
eliminated from the PCA without significant loss of information. Based on these correlations, it 
was possible to eliminate maximum and minimum temperature, maximum and minimum relative 
humidity, maximum precipitation, and maximum wind speed. Multiple runs of the PCA 
procedure were carried out to assess the influence of various meteorologic parameters to 
eliminate those not related to the pollutants. Typically, the meteorological variables retained 
included mean temperature, solar radiation, mean wind speed, and the four wind direction 
frequencies. When the number of components to rotate was not obvious from the scree diagram, 
multiple runs of the likely alternatives were made also. During the course of these multiple runs, 
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it became clear which features of the results were stable to variations in variables included and 
number of components rotated. Weak loadings (<0.40) varied considerably from run to run, but 
moderate (0.41-0.75) and strong (>0.75) loadings were quite stable. Thus, we concentrated on 
interpreting the moderate-strong loadings, and mostly ignored those <0.40. 
2.5.2 Back-Trajectories Associated with Highest and Lowest Concentrations 
In this approach, measured concentrations from each sampling site were ranked, and 
samples were divided into high-concentration and low-concentration groups for each pollutant. 
The high-concentration groups include concentrations at the median and above, and the low-
concentration groups include concentrations less than the median. Multiple-trajectory plots were 
constructed for both high- and low-concentration groups for each pollutant as an indication of 
any preferred direction of approach of airflow when high and low concentrations were observed. 
Separate high- and low-concentration plots were made for five warm months (May-September), 
five cold months (November-March), and the full year. 
2.5.3 Cluster Analysis of Back-Trajectories 
Cluster analysis is a set of statistical methods used to divide data sets into groups of 
similar cases or variables, and thus to identify underlying structure in the data. Ideally, members 
of each group will differ little from each other, but each group will be distinct from the others. To 
perform a cluster analysis, the investigator must choose methods of characterizing similarity 
among clusters and the distance between pairs of points. Distances between points may be 
determined by Euclidean (root-mean square) distances, or correlation coefficients. A variety of 
methods exist for determining similarity between groups. These include single, complete, and 
average linkage methods, centroid and median methods, and minimum variance methods such as 
Ward's (1963). 
The objective of the cluster analyses performed in this study was to identify groups of 
toxic pollutant measurements that occurred under similar transport conditions (wind direction 
and speed), and to calculate mean and median concentrations by group. Trajectory clusters with 
high mean or median concentration samples would be interpreted as pointing to regions likely to 
contain significant sources. 
Cluster analysis has been used in the last ten years to group air quality or precipitation 
chemistry samples according to similar transport regimes, and to look for systematic differences 
in pollutant concentrations between such regimes. The method has frequently been applied to 
precipitation chemistry data in a search for information about sources of acid deposition in the 
eastern United States (Moody and Samson, 1989; Femau and Samson, 1990a,b) and in Europe 
(Dorling et al., 1992; Dorling and Davies, 1995). Moy et al. (1994) used cluster analysis of back-
trajectories to infer sources of trace gases measured at Shenandoah National Park in Virginia. 
Harris and Kahl (1990) used cluster analysis to classify ten-day back-trajectories into distinct 
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transport patterns as an aid to interpretation of air quality and related measurements at Mauna 
Loa Observatory in Hawaii. 
Cluster variables were x and y coordinates (latitude and longitude) of 96 endpoints of 
one-hour back-trajectory segments. These variables characterize the speed and direction of air 
approaching the sampling site over a four-day period prior to sample collection. The smaller the 
spatial variance of endpoints within a cluster, the more similar the trajectories. 
Clustering was done in a casewise manner (as opposed to clustering variables) using the 
clustering routine in the SYSTAT software, version 7.0 (SPSS, 1997). Each case was one four-
day (96-hour) back-trajectory. A few trajectories were shorter than 96 hours due to missing data. 
Clustering begins with each observation in its own cluster. Then the two most similar 
trajectories (or clusters) are merged to form a new cluster. Ward's method (Ward, 1963) was 
used to characterize distance between groups. Ward's method uses Euclidean distance and joins 
clusters whose merger results in the minimum increase in the sum over all clusters of the within-
group sum of squares. The variables were all weighted evenly (i.e., not standardized). A 
hierarchical method was used for clustering, which means that, once merged, clusters cannot be 
separated. Clustering continues until all trajectories are grouped into one cluster. 
2.5.4 Potential Source Contribution Function 
In this approach we calculate the PSCF, introduced by Malm et al. (1986) and applied by 
Zeng and Hopke (1989) to a study of the sources of acid precipitation at sampling sites in 
Canada. 
The region of possible sources is overlain by an i by j grid. The probability P[A i j] that a 
back-trajectory segment endpoint will fall into a given grid box is given by: 
where nij is the number of trajectory segment endpoints falling into the ij-th grid box during the 
study period, and N is the total number of trajectory endpoints. P[Aij] can be interpreted as the 
residence time of a randomly selected air parcel in the ij-th grid box relative to time period T. In 
the same grid box, if mij trajectory segment endpoints correspond to trajectories that arrived at 
the receptor with pollutant concentrations higher than some specified value, the probability of 
such an event is: 
Similarly, P[Bij] can be interpreted as the residence time of the polluted air parcels in the 
particular grid box. The PSCF is the probability that an air parcel will arrive at a receptor after 
having resided in a particular grid box, and it may be described as the conditional probability: 
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Areas containing pollutant sources should produce high conditional probabilities, and a 
plot of the spatial distribution of the PSCF should identify source areas. 
3.0 RESULTS 
The first results presented are a general overview of the gas-phase pollutant concentration 
data. They show in tables and figures how mean and median concentrations of a given 
compound vary from site to site and how concentrations at a given site vary from compound to 
compound. After the overview we consider the sampling sites individually and examine results 
from each of the various methods used to identify likely source regions. 
3.1 Summary Statistics 
3.1.1 Mean and Median Concentrations by Species and Sampling Site 
Summary statistics for gas-phase concentrations of PCBs, pesticides, and PAHs at five 
Great Lakes sites are given in Tables 1, 2, and 3, respectively. The tables list both the full name 
and the abbreviation of the compound or group. Sampling site abbreviations used throughout 
this report are also given. The LOD is given for each compound. For the PCB homolog sums, 
the minimum and maximum of the LODs measured by Sweet et al. (1996) for individual 
congeners in the homolog group are given. The number of samples in which each compound 
was measured is also given for each sampling site. The varying numbers of samples reflect the 
fact that there were about 45 months of sampling at Eagle Harbor, 32 months of sampling at 
Sleeping Bear and Sturgeon Point, 27 months of sampling at Indiana Dunes, and 18 months of 
sampling at ITT. The statistics given are the mean, the standard error of the mean (SEM), and the 
median. 
Standard errors are typically 10-15% of the means. For every site and every compound, 
the mean exceeds the median, which is as expected for measurements that have lognormal or 
near lognormal distributions, as these do (Gatz et al., 1994a). Both mean and median 
concentrations of total PCBs and the homolog sums (Table 1) generally increase in the order 
Eagle Harbor, Sleeping Bear, Sturgeon Point, Indiana Dunes, and IIT; that is, from the most 
remote site to the most urban site. 
3.1.2 Comparing Concentrations of Related Species at Individual Sampling Sites 
3.1.2.1 Measured Concentrations 
The data in Tables 1-3 are plotted in the next few figures to show various relationships of 
interest. Figures 2-4 compare concentrations of related compounds at individual sampling sites as 
well as between sites. Figure 2 shows mean and median concentrations for total PCBs and the 
sums of homolog groups. As noted above, means exceed the associated medians in every case. 
Note that the concentration scales vary between sites so that, even though the respective bars are 
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Table 1. Summary of PCB Concentrations (pg/m3), by Homolog Group 
and Sampling Site 
Limit of No. of Standard 
Compound/Sampling site detection* samples Mean error Median 
Total PCBs (TotPCBs) 96.8 
Eagle Harbor (EH) 92 100.3 10.1 64.7 
Sleeping Bear (SB) 65 167.7 13.9 125.0 
Sturgeon Point (SP) 68 356.5 35.5 268.2 
Indiana Dunes (ID) 43 1012.4 144.6 657.0 
Chicago-IIT (IT) 32 3227.2 466.4 2166.4 
Dichloro PCBs (DI) 3.0-12.6(2) 
EH 92 13.5 1.1 10.5 
SB 65 21.6 2.0 18.5 
SP 68 54.7 6.1 37.0 
ID 43 54.1 5.9 42.4 
IT 32 395.3 88.1 171.9 
Trichloro PCBs (TRI) 0.2-9.1 (7) 
EH 92 29.9 2.7 19.9 
SB 65 52.6 4.3 44.8 
SP 68 112.8 12.9 78.0 
ID 43 305.0 40.4 182.3 
IT 32 1162.3 180.6 791.6 
Tetrachloro PCBs (TETRA) 0.2-4.4(11) 
EH 97 27.0 3.3 14.5 
SB 65 47.7 4.9 36.6 
SP 68 85.7 9.1 62.8 
ID 43 342.6 50.6 199.1 
IT 32 959.1 123.9 753.0 
Pentachloro PCBs (PENTA) 0.2-3.0 (8) 
EH 97 18.7 3.0 11.2 
SB 65 31.1 3.2 23.1 
SP 68 67.2 7.2 53.0 
ID 43 208.7 33.3 148.7 
IT 32 513.6 72.2 397.6 
Hexachloro PCBs (HEXA) 2.1-2.5(2) 
EH 97 8.2 1.1 5.2 
SB 65 11.1 1.0 9.0 
SP 68 21.0 2.0 15.9 
ID 43 81.7 14.5 50.2 
IT 32 157.8 23.4 120.2 
Heptachloro PCBs (HEPTA) N/A 
EH 97 2.5 0.3 1.7 
SB 65 2.9 0.4 2.2 
SP 68 5.0 0.5 3.9 
ID 43 17.2 3.1 9.3 
IT 32 28.2 4.1 24.7 
Octachloro-PCBs (OCTA) N/A 
EH 97 0.6 0.1 0.3 
SB 65 0.7 0.1 0.4 
SP 68 10.2 6.1 1.2 
ID 43 3.3 0.8 1.4 
IT 32 7.7 1.5 3.9 
Nonachloro PCBs (NONA) N/A 
EH 97 0.1 0.0 0.0 
SB 65 — — — 
SP 68 0.2 0.0 0.1 
ID 43 0.2 0.0 0.0 
IT 32 0.7 0.2 0.4 
Notes: 
* For the PCB homolog sums, the minimum and maximum of the LODs measured by Sweet et al. (1996) for 
individual congeners in the homolog group are given. The number in parentheses is the number of individual 
congeners for which LODs were given. N/A indicates that LOD values were not given for any congeners in the 
homolog group. — indicates too few samples to compute means and medians. 
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Table 2. Summary of Pesticide Concentrations (pg/m3), by Compound 
and Sampling Site 
Limit of No. of Standard 
Compound/Sampling site detection samples Mean error Median 
α-Hexachlorocyclohexane (α-HCH) 2.2 
Eagle Harbor (EH) 92 203.3 15.4 168.2 
Sleeping Bear (SB) 65 158.6 13.4 136.3 
Sturgeon Point (SP) 68 177.7 13.5 145.2 
Indiana Dunes (ID) 43 118.1 10.8 99.0 
Chicago-IIT (IT) 32 175.4 21.0 137.4 
γ-Hexachlorocyclohexane (γ-HCH) 2.0 
EH 92 30.3 3.7 20.5 
SB 65 121.1 38.7 30.1 
SP 68 54.6 6.9 26.2 
ID 43 40.6 6.3 23.9 
IT 32 71.4 16.2 28.9 
Dieldrin (DIEL) 2.7 
EH 92 13.8 1.9 6.6 
SB 65 38.9 5.5 21.0 
SP 68 43.0 6.2 28.3 
ID 43 163.7 51.9 54.0 
IT 32 248.2 83.3 99.2 
γ-Chlordane (γ-Chlor) 1.8 
EH 45 3.2 0.4 2.1 
SB 46 10.2 1.4 6.9 
SP 48 17.2 1.8 15.0 
ID 43 35.5 7.3 20.0 
IT 32 94.4 23.1 46.0 
α-Chlordane (α-Chlor) 2.1 
EH 45 3.0 0.4 21 
SB 46 9.0 1.3 5.8 
SP 48 16.2 2.0 11.4 
ID 43 27.7 5.6 13.6 
IT 32 70.3 17.2 40.2 
frans-nonachlor (f-nona) 0.7 
EH 45 2.3 0.3 1.6 
SB 46 7.7 1.2 4.2 
SP 48 12.5 1.6 9.2 
ID 43 22.2 5.1 8.9 
IT 32 46.4 13.1 26.8 
p.p'-DUT (DDT) 2.4 
EH 92 2.9 0.5 0.9 
SB 65 7.7 1.7 4.6 
SP 68 13.2 1.7 8.2 
ID 43 10.4 1.9 4.6 
IT 32 55.6 12.3 34.9 
p,p'-DDD(DDD) 0.8 
EH 92 1.0 0.2 0.3 
SB 65 2.4 0.5 1.0 
SP 68 5.0 0.8 3.0 
ID 43 2.6 0.6 1.1 
IT 32 19.4 5.1 8.7 
p.p'-DDE(DDE) 1.0 
EH 84 2.6 0.2 1.9 
SB 65 12.4 1.5 8.9 
SP 68 25.4 2.9 17.0 
ID 43 20.7 3.2 13.6 
IT 32 52.1 8.3 33.6 
Hexachlorobenzene (HCB) 5.7 
EH 84 80.2 3.6 76.4 
SB 65 96.4 3.8 89.7 
SP 68 94.6 4.6 94.7 
ID 43 84.1 4.9 81.5 
IT 32 108.6 10.2 89.8 
Note: 
Exact chemical names of p,p'-DDT, p,p'-DDD, and p,p'-DDE are given in sections 3.1.2.2 and 3.2.1 of the text. 
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Table 3. Summary of PAH Concentrations (pg/m3), by Compound 
and Sampling Site 
Limit of No. of Standard 
Compound/Sampling site detection samples Mean error Median 
Acenaphthylene (ACNY) 28.5 
EH 90 39.7 5.6 17.1 
SB 65 86.4 18.2 30.2 
SP 59 555.9 146.6 156.0 
ID 24 2082.6 762.5 618.2 
Acenaphthene (ACNE) 38.8 
EH 90 85.2 12.0 35.3 
SB 65 171.5 19.3 124.6 
SP 59 882.0 156.5 493.5 
ID 24 2157.7 472.7 1230.1 
Fluorene (FLOR) 24.8 
EH 90 409.4 37.3 298.4 
SB 65 826.5 60.6 672.1 
SP 59 2164.4 221.6 1875.8 
ID 24 3411.4 509.6 2827.4 
Phenanthrene (PHEN) 70.1 
EH 90 769.6 82.6 486.3 
SB 65 1122.4 97.5 979.2 
SP 59 4506.2 500.0 3263.2 
ID 24 7018.9 1285.5 5339.2 
Anthracene (ANTH) 8.8 
EH 90 19.9 2.1 11.5 
SB 65 18.2 2.8 7.5 
SP 59 76.9 16.0 43.3 
ID 24 889.4 639.8 118.1 
Fluoranthene (FLAN) 31.4 
EH 90 123.7 14.6 90.7 
SB 65 210.0 20.6 157.6 
SP 59 888.3 86.3 760.1 
ID 24 1263.1 174.4 1020.2 
Pyrene (PYRN) 20.8 
EH 90 106.5 19.7 56.9 
SB 65 103.8 10.3 78.9 
SP 59 482.1 52.8 361.5 
ID 24 1020.8 192.9 637.0 
Retene (RET) 
EH 70 41.0 12.2 16.6 
SB 60 24.1 3.2 20.0 
SP 57 49.3 5.6 37.3 
ID 24 171.8 86.4 57.5 
Benzo (a) anthracene (BAA) 1.2 
EH 90 4.6 0.6 1.3 
SB 65 N/A* N/A N/A 
SP 59 13.0 3.2 1.3 
ID 24 N/A N/A N/A 
Chrysene (CHRY) 3.7 
EH 90 11.8 1.1 5.6 
SB 65 14.0 2.5 4.3 
SP 59 55.4 8.1 39.0 
ID 24 83.5 56.9 5.2 
Note: 
* N/A: Numbers of samples above the detection limit were insufficient for meaningful means or medians. 
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Figure 2. Mean and median gas-phase PCB concentrations by sampling site for total PCBs and 
eight homolog groups. The error bar is the standard error of the mean (SEM). The 
vertical scale varies between sites. 
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Figure 3. Mean and median gas-phase pesticide concentrations by sampling site for ten 
compounds. The error bar is the standard error of the mean (SEM). The vertical 
scales are constant for all sites. 
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Figure 4. Mean and median gas-phase PAH concentrations by sampling site for ten 
compounds. The error bar is the standard error of the mean (SEM). The 
vertical scales vary between sites. Data from IIT were not available. 
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roughly the same height at the various sites, they represent lower concentrations at the more 
remote sites and higher concentrations at the more urban sites. Among the homolog groups, the 
trichloro-PCBs have the highest concentrations, both mean and median, at most sites (all except 
ID), with the tetrachloro-PCBs only slightly lower, followed by the pentachloro-PCBs. 
Figure 3 shows concentrations of pesticides at individual sampling sites; the vertical 
scales are the same for all five sites to permit convenient comparison of concentrations between 
sites. (Note that analysis of the chlordane compounds began with samples collected in August 
1992; samples collected prior to then at Eagle Harbor, Sleeping Bear, and Sturgeon Point are 
missing results for these compounds.) With a few exceptions, most of the pesticides increase in 
both mean and median concentrations from the most remote site, at Eagle Harbor (at the top of 
Figure 3), to the most urban site, IIT (at the bottom). The exceptions are hexachlorobenzene 
(HCB), which has relatively constant concentrations at all sites; α-HCH, with its highest 
concentrations at Eagle Harbor; and γ-HCH, with its highest concentrations at Sleeping Bear. 
Figure 4 shows concentrations of PAHs at individual sampling sites. PAH data for IIT 
were not available in time for this study. The concentration scales vary between sampling sites, 
so comparisons of concentrations of a given compound at the various sampling locations is better 
done using a figure to be presented later. Similar distributions of concentrations over the ten 
PAHs occur at each of the four sites in Figure 4. At each site, phenanthrene (PHEN) easily has 
the highest concentrations (mean and median), followed by fluorene (FLOR). The 
concentrations are significantly lower for the other compounds, and their order is different at the 
different sites. 
3.1.2.2 Concentration Ratios 
Ratios of the concentrations at the sites with the highest concentration to those at the sites 
with the lowest, are shown in Figures 5-7 for both the mean and median concentrations of all 
measured pollutants. 
Ratios of mean and median concentrations of total PCBs and the homolog sums are 
shown in Figure 5. For the PCBs, the highest mean and median concentrations occur at IIT and 
the lowest at Eagle Harbor. The ratios indicate that mean concentrations at IIT are 30-40 times 
those at Eagle Harbor for the PCBs with fewer chlorine atoms (pentachloro-PCBs and below), 
but only about 10-20 times for the hexachloro-PCBs and above. If the medians are used to 
calculate the same ratios, the results are similar, except that the dichloro-PCBs are anomalously 
low (16), and the tetrachloro-PCBs are anomalously high (52). These results appear to reflect the 
varying reactivities of the PCB molecules. Those with fewer (2-5) chlorine atoms are more 
reactive in the atmosphere, so the ratios of their concentrations near sources to those in remote 
areas are greater than for PCB compounds with more (6-9) chlorine atoms. 
Ratios of maximum site concentrations to minimum site concentrations for the pesticides, 
based on both means and medians, are shown in Figure 6. The relatively low ratios (mostly <2) 
of α- and γ-HCH and HCB concentrations reflect the relatively low spatially variability of these 
compounds, which are generally considered global pollutants. The fact that we occasionally see 
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Figure 5. Ratios of maximum to minimum PCB concentrations at the five sampling sites. For each, 
the maximum occurred at IIT and the minimum at Eagle Harbor. 
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Figure 6. Ratios of maximum to minimum pesticide concentrations at the five sampling sites 
for both mean and median concentrations. 
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Figure 7. Ratios of maximum to minimum PAH concentrations at the five sampling 
sites for both mean and median concentrations. 
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some rather high local concentrations of lindane (possibly from local sources) probably accounts 
for the fact that the maximum/minimum ratio of the mean γ-HCH concentrations is more than 
twice that of the medians. The other pesticides exhibit much greater gradients in concentration 
between the sites of maximum and minimum concentration; ratios range from 15 to almost 40. 
In most cases the ratio of the means is greater than the ratio of the medians, but not for 1,1'-
(2,2,2-trichloroethylidene)bis[4-chlorobenzene] (DDT) and 1,1'-(2,2-dichloroethylidene)bis[4-
chlorobenzene] (DDD). 
Ratios of maximum site concentrations to minimum site concentrations for the PAHs are 
shown in Figure 7. The maximum/minimum ratios of the median concentrations of most of the 
PAH compounds (gas-phase fractions only) range between 5 and 15, but they are considerably 
higher for acenaphthylene (ACNY) and acenaphthene (ACNE) (between 30 and 40), suggesting 
greater atmospheric reactivity (or removal rates) of the lighter compounds. The ratios of mean 
concentrations are considerably greater for ACNY and anthracene (ANTH) than the ratios of 
medians; the significance of this occurrence is not obvious. 
3.1.3 Comparing Concentrations of a Given Species at Several Sampling Sites 
Figures 8-10 compare concentrations of each compound at the five sampling sites. Figure 
8 shows mean and median concentrations of total PCBs and the homolog sums at all five sites. 
Note that the scales vary from one homolog group to another. As noted earlier, concentrations of 
the PCB homologs generally increase in an orderly fashion from the most remote to the most 
urban sites. In most cases the concentration at IIT is several times higher than the next highest 
concentration, whether mean or median. The only exception is the mean octachloro-PCB 
concentration, which shows a maximum value at Sturgeon Point. Because the associated median 
follows the general pattern, there must have been a few very high values to account for the 
unusually high mean. The proximity of Sturgeon Point to the Buffalo, New York, area may 
explain this behavior. 
Figure 9 shows mean and median concentrations of ten pesticides at all five sites. Again, 
the concentration ranges vary. As noted earlier, concentrations of HCB and the two HCH 
compounds are relatively constant over the several sampling sites. The concentrations of the rest 
of the pesticides generally increase from remote to urban sites in the order Eagle Harbor, 
Sleeping Bear, Sturgeon Point, Indiana Dunes, and IIT, with the exception of the three members 
of the DDT group, all of which have their second highest concentration at Sturgeon Point. Again, 
with the exception of the HCH compounds and HCB, the concentrations of most of these 
compounds are several times higher at IIT than the next highest mean or median. 
Figure 10 shows mean and median concentrations of ten PAHs at all five sites. Again 
here, the concentration ranges vary. The PAH compounds show the familiar increase in mean and 
median concentrations from remote to urban sites (although PAH data are not available for ITT, 
the most urban of the five sites). As indicated by the maximum/minimum ratios in Figure 7, 
ACNY, ACNE, and ANTH exhibit particularly large gradients between the remote and the urban 
sampling sites. At Indiana Dunes, we note unusually large differences between mean and median 
-21-
Figure 8. Mean and median concentrations of total PCBs and homolog sums by sampling site. 
The error bar is the standard error of the mean (SEM). The vertical scale varies by 
homolog sum. 
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Figure 9. Mean and median concentrations of ten pesticides by sampling site. The error bar 
is the standard error of the mean (SEM). The vertical scale varies by compound. 
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Figure 10. Mean and median concentrations of ten PAHs, by sampling site. The error bar 
is the standard error of the mean (SEM). The vertical scale varies by compound. 
Data for NT were not available. 
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concentrations of ACNY, ANTH, retene (RET), and chrysene (CHRY), which indicate the 
occurrence of a few very large concentrations, which in turn suggests that sources may be 
relatively close. 
3.2 Results for Eagle Harbor 
3.2.1 Principal Components Analysis 
Figure 11 shows results of a PCA of the Eagle Harbor measurements. Variable loadings 
≥0.4 are plotted for each of four principal components that together explain about 66% of the 
variance of the data set. The first principal component explains 23% of the variance and shows 
high loadings for total PCBs and the homolog sums. Among the homologs, the highest loadings 
occur on the moderately chlorinated compounds-the tetrachloro-, pentachloro-, and hexachloro-
PCBs, with lower loadings at the extremes, the dichloro- and octachlor-PCBs. The compound 
1,1'-(2,2-dichloroethenylidene)bis[4-chlorobenzene] (DDE) also occurs with a loading of 0.60, as 
well as ACNE at 0.47. Although the loadings for mean temperature and south winds are below 
the criteria for showing in Figure 11, it is of interest to point out that they also occurred on this 
component with loadings of 0.38 and 0.22, respectively. 
The variables most highly loaded on the second principal component are mostly PAHs-the 
higher molecular weight compounds among those found appreciably in the gas phase. This 
component explains 14% of the variance. In general, loadings increase with molecular weight. 
DDD is also present (loading = 0.64), as well as HCB (0.48). No meteorological variables have 
loadings anywhere close to 0.40. 
Component 3 explains 10% of the variance. The highest loadings on the chemical 
variables are near 0.50, and include the lighter PAHs. There is also a strong positive loading 
(0.74) on west winds (and -0.86 for east winds), which suggests possible sources at Duluth, 
Minnesota. 
Component 4 explains 19% of the variance and includes most of the pesticides and the 
lighter PAHs, with loadings near 0.50. Moderate-to-strong loadings on temperature (0.79) and 
solar radiation (0.59) indicate that this component arises from the temperature-modulated cycling 
of a portion of the atmospheric burden of these compounds between environmental surfaces and 
the gas phase. The moderate loading on south winds (0.59) probably reflects the fact that high 
concentrations occur with the high temperatures of summer when winds are predominantly from 
the south. This component is essentially identical to the one in which the three chlordane 
compounds occurred when I analyzed just the samples that included them in the data. 
3.2.2 Back-Trajectories Associated with Highest and Lowest Concentrations 
Results showing back-trajectories associated with pollutant concentrations above and 
below the median concentrations are shown in the next ten figures. The figures include results for 
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Figure 11. Principal components results for Eagle Harbor. Loadings are shown, primarily those >0.40. 
The data set analyzed did not include the three chlordanes, to maximize the number of samples. 
Separate analyses on the subset of data including the chlordanes revealed that they occur on component 
4, along with other pesticides, and not on component 2. The abbreviations for the variables are 
explained in Tables 1-3. 
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total PCBs, five pesticides, and four PAHs. Each figure shows six panels containing multiple 
back-trajectories from Eagle Harbor. The three panels on the left show trajectories (one per 
sample, arriving at the mid-point of the sample collection period) associated with the upper half 
of the concentrations of the specific pollutant, and the three on the right are for the lower half of 
the concentrations. Each row of two panels is associated with a different time period. The top 
row covers the full calendar year. The middle row shows results for five warm months (May-
September), and the bottom row has the results for the five cold months (November-March). 
Back-trajectories associated with highest and lowest concentrations of total PCBs are 
shown in Figure 12. Comparison of composite back-trajectories for the upper and lower 50% of 
the concentrations for the full year shows many trajectories from the north or northwest, but more 
frequent back-trajectories across Wisconsin and northern Illinois associated with the higher 
concentrations. The maps in Figure 12 for the warm months show that 1) there are very few 
trajectories (i.e., few samples) associated with low concentrations during the warm months, and 
2) most of the full-year trajectories with high concentrations occur during the warm months. The 
maps in figure 12 for the cold months also show relatively few trajectories associated with high 
concentrations during the cold months, and perhaps a slight tendency for the trajectories to come 
from more southerly latitudes when high concentrations are observed during the cold months. 
Back-trajectories for high and low concentrations of α-HCH are shown in Figure 13. Over 
the full year, it is difficult to see much difference in the distributions of back-trajectories 
associated with high and low concentrations. Also during the warm months, trajectories 
associated with both high and low concentrations appear to come from all directions, but there 
are fewer low-concentration trajectories. Conversely, most of the cold-month trajectories occur 
in connection with low-concentration samples, but it is difficult to discern any marked 
differences in preferred direction. 
Figure 14 shows back-trajectories for high and low concentrations of γ-HCH. Over the 
full year, again it is difficult to see much difference between high and low concentrations in the 
pattern of back-trajectories, but there may be a slight tendency for air associated with the higher 
concentrations to come from more southerly latitudes. The maps in Figure 14 for the warm and 
cold months confirm that the most of the higher concentrations occur in the warm months, and 
vice versa. 
Figure 15 shows back-trajectories for high and low concentrations of γ-chlordane. For the 
full year the trajectories associated with the high concentrations seem to come more from the 
southeast than those associated with the lower concentrations. Note that there were fewer 
trajectories (samples) overall. The warm- and cold-month trajectories mostly show that the 
higher concentrations occur when it's warm, but they also show that those trajectories 
approaching from the southeast are a warm-season phenomenon. 
The trajectories for dieldrin are plotted in Figure 16. For the full year, there is a 
noticeable increase in the number of trajectories over Wisconsin when the concentrations are 
high. The warm-season map shows that those cases occur primarily in the summer. Again, we 
see few trajectories (samples) associated with high concentrations in the cold months and few 
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Figure 12. Four-day back-trajectories with the highest 50% and lowest 50% of the gas-
phase total PCB concentrations in air at Eagle Harbor, 1991-1994. 
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Figure 13. Four-day back-trajectories with the highest 50% and lowest 50% of the gas-phase α-HCH 
concentrations in air at Eagle Harbor, 1991-1994. 
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Figure 14. Four-day back-trajectories with the highest 50% and lowest 50% of the 
gas-phase γ-HCH concentrations in air at Eagle Harbor, 1991-1994. 
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Figure 15. Four-day back-trajectories with the highest 50% and lowest 50% of the 
gas-phase γ-chlordane concentrations in air at Eagle Harbor, 1991-1994. 
-31-
Figure16. Four-day back-trajectories with the highest 50% and lowest 50% of the gas-phase 
dieldrin concentrations in air at Eagle Harbor, 1991-1994. 
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associated with low concentrations in the warm months. Comparing the maps for warm-season 
low concentrations and cold-season high concentrations, we see that the few low concentrations 
in the summer are clearly associated with trajectories from the north, and the few high 
concentrations in the winter have a greater tendency to occur with winds from the south. 
Figure 17 shows trajectories for DDT. For the full year, the general patterns of the 
trajectories associated with high and low concentrations appear to be quite similar, except that 
there were more trajectories passing over Wisconsin when concentrations were high. We see 
from the seasonal maps that most of the high-concentration samples for the full year occur in the 
summer and most of the low-concentration samples occur in the winter. 
Trajectories associated with ACNY are shown in Figure 18. There are no marked 
differences between trajectories associated with high and low concentrations for the full year, 
except that among those leading to low concentrations there are a few extending greater distances 
out from the sampling site than those associated with the higher concentrations. The seasonal 
maps in Figure 18 make it clear that the longer trajectories occur in the cold months. In contrast 
to trajectory results for the pesticides, in which most of the high concentrations occur in the 
warm months and most of the low concentrations appear in the cold months, roughly equal 
numbers of PAH trajectories occur in all four of the seasonal plots, possibly the result of 
emissions of PAHs from fuel-burning. 
Figure 19 shows trajectories for FLOR. For this PAH, and over the full year, the few 
longer trajectories are associated with the higher concentrations and the higher-concentration 
trajectories point more to Wisconsin and Minnesota than those associated with the lower 
concentrations. The seasonal maps show that the longer trajectories occur during the cold 
months; but also that, during the cold months, more of the high-concentration trajectories extend 
to the south. Again, trajectory numbers are roughly equal in all four seasonal plots. 
Trajectories for ANTH are given in Figure 20. Aside from a slight tendency for greater 
trajectory coverage of Wisconsin and eastern Minnesota when higher concentrations are observed 
(full year and seasonally), it is difficult to point to any obvious differences between trajectory 
patterns for higher and lower concentrations. This applies to seasonal as well as full-year 
trajectory plots. 
Trajectories associated with higher and lower CHRY concentrations are shown in Figure 
21. Again, there may be a slight tendency for greater trajectory coverage of Wisconsin and 
eastern Minnesota when higher concentrations are observed, but otherwise it is difficult to point 
to any obvious differences between trajectory patterns for higher and lower concentrations. 
Interpretation of the maps in Figures 12-21 is subjective and difficult at best, but several 
things are clear: 
• For all the pollutants for which composite trajectories were plotted, the high concentrations 
of pesticides occur mostly in the warm months and are associated with more trajectories over 
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Figure 17. Four-day back-trajectories with the highest 50% and lowest 50% of the gas-
phase DDT concentrations in air at Eagle Harbor, 1991-1994. 
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Figure 18. Four-day back-trajectories with the highest 50% and lowest 50% of the 
gas-phase ACNY concentrations in air at Eagle Harbor, 1991-1994. 
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Figure 19. Four-day back-trajectories with the highest 50% and lowest 50% of the 
gas-phase FLOR concentrations in air at Eagle Harbor, 1991-1994. 
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Figure 20. Four-day back-trajectories with the highest 50% and lowest 50% of the 
gas-phase ANTH concentrations in air at Eagle Harbor, 1991 -1994. 
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Figure 21. Four-day back-trajectories with the highest 50% and lowest 50% of the 
gas-phase CHRY concentrations in air at Eagle Harbor, 1991-1994. 
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Wisconsin than the low concentrations. The high concentrations of PAHs were more evenly 
divided between warm and cold months. 
• It is impossible to see the close-in direction of approach to the site because the density of the 
trajectory lines generally makes for a solid mass of ink near the site. 
• To the south and southeast, few four-day back-trajectories extend beyond the end of Lake 
Michigan. This is something to keep in mind when interpreting the PSCF patterns presented 
later. 
3.2.3 Cluster Analysis of Back-Trajectories 
Cluster results for Eagle Harbor are shown in Table 4, which lists the number of 
trajectories in each cluster and a description of the cluster in terms of the transport speed of the 
air (high or low) and the direction from which it approached the Eagle Harbor site. The 
descriptions are based on the composite trajectories in Figure 22. The cluster analysis was based 
on all valid trajectories. 
Table 4. Summary of Back-Trajectory Clustering Results for Eagle Harbor 
Transport description 
Cluster No. of Direction of 
No. trajectories approach Speed 
1 56 NW mostly low 
2 21 W-NW low 
3 35 All low 
4 21 SW-NW low 
5 8 W high 
6 12 NW high 
7 13 S-W low 
8 23 NW-NE low 
9 9 NW-N high 
10 13 S low 
11 13 N high 
12 17 NW-NE low 
-39-
Figure 22. Back-trajectory clusters for Eagle Harbor, November 1990- July 1994. 
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Figure 22. (concluded). 
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Ordinarily three trajectories were computed for each sample. Even within a single cluster, 
the trajectories were highly variable in terms of the direction of final approach to the site and the 
amount of curvature in the trajectory, so the descriptions are highly subjective. The speed 
estimates are based on the principle that air parcels in back-trajectories extending greater 
distances away from the sampling site must have traveled at higher speeds to reach the site in the 
same four-day period as all other trajectories. 
Results showing how pollutant concentrations vary by trajectory cluster are plotted in 
Figures 23 (PCBs), 24 (pesticides), and 25 (PAHs). These figures show mean (with SEM) and 
median concentrations for each cluster and the Kruskal-Wallis probability that medians are the 
same in all the clusters. The lower the probability, the greater the chance that there are 
significant differences in median concentrations between clusters. The test, however, does not 
identify which clusters are different from each other. For many applications, a 5% significance 
level (p <0.05) is required before conclusions are drawn from the test. In this case, however, the 
variation of concentration by trajectory cluster is only one of several indications of pollutant 
source areas, and comparison of results from other methods suggests that even significance levels 
as high as 25% may be an indication that concentration variations by trajectory cluster may be a 
useful indication of the source region. 
Three back-trajectories were computed for each 24-hour sample. It is possible that the 
clustering procedure could have assigned these three trajectories to one, two, or three different 
clusters. For purposes of computing mean and median concentrations in each cluster, each 
measured concentration was assigned to a single cluster using the following procedure. If all 
trajectories (or two of three) were assigned to the same cluster, the measured concentration was 
also assigned to that cluster. If all three trajectories were assigned to different clusters, the 
sample was ignored and not assigned to any cluster. 
We had 92 samples from Eagle Harbor, but some of these were discarded because their 
trajectories were all assigned to different clusters, so the average number of samples per cluster, 
for 12 clusters, was less than seven. The actual ranges are 4 - 18 samples per cluster for the 
PCBs (Figure 23), 2 - 18 for the pesticides (0 to 10 for the three chlordane compounds) (Figure 
24), and 2 - 18 for the PAHs (Figure 25). This is clearly less than ideal even for Eagle Harbor, 
which has the most samples. The number of samples per trajectory cluster at the other sites is 
even worse, because they all have fewer samples. It would be possible to choose a smaller 
number of trajectory clusters, but even if the number were halved, the number of samples per 
cluster would double at best, and still not give satisfactory numbers. Thus, it appears that the 
variations in concentration by trajectory cluster should be considered an indication of the 
possible source region, but confirmation by other techniques is needed before firm conclusions 
are drawn. 
Mean and median PCB concentrations are shown in Figure 23 for the 12 trajectory 
clusters at Eagle Harbor. Figure 23 shows results for total PCBs and four homolog sums: 
dichloro-PCBs, tetrachloro-PCBs, hexachloro-PCBs, and octachloro-PCBs. Mean values exceed 
medians in about 50% of the clusters, sometimes by factors of two or more. Large mean/median 
ratios indicate that there are a few relatively large concentrations in the data set, which may in 
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Figure 23. Mean and median concentrations of total PCBs and four homolog sums for 12 back-
trajectory clusters at Eagle Harbor. The error bar is the standard error of the mean (SEM). 
The numbers of samples per cluster (n) for total PCBs also apply to each homolog. 
The p-value is the probability that all clusters have the same median concentration, 
based on the nonparametric Kruskal-Wallis test. 
-43-
Figure 24. Mean and median concentrations of pesticides for 12 back-trajectory clusters 
at Eagle Harbor. The error bar is the standard error of the mean (SEM). Numbers of samples 
per cluster (n) for a-HCH also apply to the other compounds (except the three chlordanes) unless 
other values are shown. The n-values for the chlordanes are shown for g-chlordane. The p-value 
is the probability that all clusters have the same median concentration, based on Kruskal-Wallis test. 
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Figure 25. Mean and median concentrations of 8 PAHs for 12 back-trajectory clusters 
at Eagle Harbor. The error bar shown is the standard error of the mean (SEM). Numbers of 
samples per cluster (n) shown for ACNY apply to the other compounds. The p-value is the 
probability that all clusters have the same median concentration, based on the Kruskal-Wallis test. 
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some instances suggest local sources. Recall that PCA (Figure 11) produced high loadings for 
total PCBs and all of the homolog groups except nonachloro-PCBs on a single principal 
component (component 1). 
The p-values in Figure 23 are, with one exception, all <0.20, which we take as a cue to 
examine the variations in concentration by cluster as a clue to potential source region(s). The 
highest median concentrations of total PCBs occur in clusters 10, 12, 7, and 5, in decreasing 
order by concentration. The order of the mean concentrations is the same, except that cluster 4 
enters at second highest. The order of the clusters varies among the various homolog groups, but 
cluster 10 has the highest mean and median in three of the four shown in Figure 23, and clusters 
5, 7, and 12 are prominent. Cluster 4 is characterized by large mean/median ratios in three of the 
four homolog groups. 
Clusters 10 and 7 have trajectories from the south and southwest. Trajectories in cluster 
10 come from Wisconsin and northern Illinois. Those in cluster 7 pass over eastern Minnesota 
and western Wisconsin, and many of them could have carried any emissions from Duluth to the 
sampling site. Some of the trajectories in cluster 12 arrived from the northeast, east, and 
southeast, probably including Sault Ste. Marie, but many others showed no strong directional 
preference. The high density of endpoints in the vicinity of the sampling site suggests light 
winds and stagnation conditions. Cluster 5 is somewhat difficult to characterize. It contains only 
eight cases, and half of these trajectories extend back to the west coast. Its most significant 
characteristic may be that most of the trajectories approach the Eagle Harbor site from the south 
after having passed over Michigan's Upper Peninsula, and in some cases also northern 
Wisconsin. Cluster 4 clearly points to the west and southwest; many of its trajectories pass over 
the Duluth area. 
Figure 24 shows mean and median concentrations of ten pesticides by trajectory cluster at 
Eagle Harbor. Mean values exceed medians in 60-75% of the clusters, depending on the 
compound. Seven of the ten compounds in Figure 24 have p-values that indicate significant 
differences at the 20% level or better. The numbers of samples per cluster are again fewer than 
desirable, especially for the three chlordane compounds, which were measured in only about half 
of the samples from Eagle Harbor. Recall that the PCA (Figure 11) shows pesticides on two 
separate components. Component 2 includes DDD and HCB at moderate loadings, along with 
the three chlordane compounds and a group of the heavier PAHs, with no associated 
meteorological variables. Component 4 includes most of the pesticides and a group of the lighter 
PAHs, all with moderate loadings and associated with warm temperatures, strong sunlight, and 
south winds. 
The patterns of concentration as a function of trajectory cluster for α- and γ-HCH present 
an interesting contrast. The p-value of the γ-isomer indicates that it is much more likely to have 
significant differences between clusters. Furthermore, the highest mean and median 
concentrations of both compounds are associated with cluster 10, but the difference in 
concentration between the cluster-10 value and the median concentrations for the rest of the 
clusters is much greater for γ-HCH (lindane) than for α-HCH. This suggests that a fresh source 
of lindane, which is still used on fruit crops and in the lumber industry, exists in Wisconsin or 
adjacent states. The alpha isomer of HCH is the major atmospheric conversion product of 
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lindane, and was also a component of technical lindane, which is no longer used; it was 
replaced by lindane, the almost pure gamma isomer (Majewski and Capel, 1995). The α-HCH 
isomer, which in agreement with previous studies (Majewki and Capel, 1995) is generally 
present in higher concentrations than γ-HCH, also shows its highest median concentration for 
trajectory cluster 10, but the contrast with the median concentrations of other clusters is not as 
great as for γ-HCH. This is typical of a long-lived material well mixed in the atmosphere. 
Poissant and Koprivnjak (1996) measured α- and γ-HCH in air at Villeroy, Quebec, Canada, and 
concluded that lindane concentrations resulted from volatilization of old as well as recently 
applied material, while α-HCH came mainly from long-distance transport. In that case the 
recently applied lindane was a component of an insecticide dressing applied to corn seeds before 
planting. 
Dieldrin (Figure 24) also shows its highest mean and median concentrations in clusters 
10, 5, and 7. As indicated earlier, cluster 5 may point to the Upper Peninsula of Michigan, and 
clusters 10 and 7 clearly point to areas of the upper Midwest-Wisconsin and adjacent states. 
This appears to be consistent with dieldrin as a major breakdown product of aldrin, which was 
used heavily on corn (Majewski and Capel, 1995). Michigan, Wisconsin, and other areas of the 
Corn Belt would have been locations of such use. 
Figure 24 also shows concentrations by trajectory cluster for three chlordane compounds, 
γ- (or trans-) chlordane, α- (or cis-) chlordane, and trans-nonachlor. The p-values for the first 
two of these compounds were <10%. Due to limited numbers of samples analyzed for the 
chlordane compounds, the number of samples in clusters 3, 5, 7, 9, and 10 were two or fewer. 
Because the chlordane compounds occur on the same principal component as most of the other 
pesticides, we would expect them to behave in a similar fashion. Most of the pesticides have high 
concentrations in the samples associated with trajectory clusters 5 and 10, so we may be missing 
important information about source regions of the chlordane compounds. The available 
information shows that concentrations of both α- and γ-chlordane were highest in clusters 3 (all 
directions, low speeds) and 5 (Upper Peninsula of Michigan), but these concentrations are based 
on only one and two samples, respectively. Results for trans-nonachlor are similar, but they are 
also based on few samples and a less-significant p-value, so interpretation could be only 
speculative at best for all three compounds. 
Figure 24 also shows concentrations by trajectory cluster for DDT and its breakdown 
products DDD and DDE. The p-values suggest that the probabilities of significant differences in 
median concentration between clusters are much greater for DDT and DDE than for DDD. The 
highest mean and median concentrations of DDT are seen in clusters 10 (south winds) and 11 
(north winds). Although the p-value (0.319) for DDD does not suggest a strong probability of 
significant differences in concentration between clusters, it is interesting to note that the same 
difference between the mean and the median is observed for DDD in clusters 10 and 7 
(Minnesota, especially Duluth, and Wisconsin). The pattern of concentrations by trajectory 
cluster for DDE is much like that of DDT. Thus, for the DDT group, like the other pesticides, 
the highest median concentrations are associated with trajectories from Wisconsin, Minnesota, 
and perhaps the Upper Peninsula of Michigan. 
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The final pesticide for which concentrations are plotted by trajectory cluster in Figure 24 is 
HCB. Although the p-value indicates differences (barely) significant at the 25% level, Figure 24 
shows rather minimal differences between clusters. Clusters 5 and 7 have somewhat higher 
medians than the others, but the overall minimal differences are consistent with HCB as a well-
mixed global pollutant. 
Figure 25 shows mean and median concentrations of eight PAHs by trajectory cluster at 
Eagle Harbor. Mean values exceed medians in about 60% of the clusters. Probabilities that the 
median concentrations in the various trajectory clusters are equal are less than 0.10 for two 
compounds and 0.10-0.25 for three others. Numbers of samples per cluster are again rather 
limited, and range from 2 -18 . Trajectory clusters were plotted in Figure 22. Recall that 
principal components analysis (Figure 11) produced relatively moderate loadings for PAHs on 
three different components, suggesting multiple sources. Component 2 includes the six heaviest 
PAHs found in substantial concentrations in the gas phase, ANTH, fluoranthene (FLAN), pyrene 
(PYRN), RET, benzo(a)anthracene (BAA), and CHRY, and no strong relationships to 
temperature, solar radiation, or wind sector. Component 3 includes ACNE, FLOR, PHEN, 
FLAN, and PYRN, and occurs preferentially with surface winds from the west (Duluth?). 
Component 4 includes seven PAHs (all but RET, BAA, and CHRY), and most pesticides; and 
concentrations are positively correlated with temperature, solar radiation, and south winds. 
The p-value for ACNY (Figure 25) is the lowest (0.031). Clusters 4 and 5 show the 
highest median concentrations, but bear in mind that cluster 5 (Upper Peninsula of Michigan) has 
only two samples. Cluster 4 points to the west and southwest, including the Duluth area. Two 
clusters show mean concentrations much greater than the medians, an indication of a few 
unusually high individual concentrations, and perhaps relatively nearby sources. This occurs in 
clusters 7 (Minnesota and Wisconsin) and 10 (south winds, Wisconsin) and is consistent with 
ACNY's moderate loading on principal component 4. 
For ACNE (p = 0.217), the highest medians also occur in clusters 4, 5, and 7. This 
behavior is also consistent with ACNE's moderate loadings on principal component 4 (west 
winds). 
The highest concentrations of FLOR were on clusters 4, 5, 7, and 10; but the p-value is 
only 0.353, so FLOR will not be discussed further. 
The three highest median concentrations of PHEN (p = 0.099) occur in clusters 11, 10, 
and 5 (Figure 25). Clusters 5 and 10 point to areas of Wisconsin and the Upper Peninsula of 
Michigan; cluster 11 points mostly north. Thus the cluster results generally agree with the PCA. 
Cluster 11 seems to be counter to the PCA results, but it may point to some PAH sources along 
the north shore of Lake Superior. 
The highest median concentrations of ANTH also occur on clusters 5, 10 and 11, but a p-
value of 0.416 indicates that the differences between clusters may not be significant. 
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Figure 25 also shows concentrations by trajectory cluster for FLAN and PYRN, which 
both have moderate loadings on all three PAH principal components (Figure 11). The p-values 
of both were about 0.25. For both compounds the highest median concentrations occur in 
clusters 5, 7, 10, and 11. For FLAN the concentrations in those clusters are nearly equal, but the 
concentrations in clusters 10 and 11 are highest for PYRN. The mean PYRN concentration in 
cluster 10 exceeds the median by a factor of about two, suggesting a possible nearby source to 
the south. 
The final PAH compound shown in Figure 25 is CHRY, which is the PAH compound 
with the highest loading on component 2, and the only one shown in Figure 25 that does not also 
have moderate loadings on at least one other component. The highest mean and median 
concentrations of CHRY occur in clusters 11 and 10; but the p-value of 0.727 shows that there 
probably are no significant differences between clusters. 
3.2.4 Potential Source Contribution Function 
In this section we discuss spatial distributions of PSCF values as indicators of potential 
source regions. The confidence we may have in these distributions depends to a great extent on 
the related distribution of the number of back-trajectory segment endpoints per grid cell. Thus 
each figure to be discussed shows: 1) the distribution of segment endpoint density for trajectories 
associated with greater than median concentrations in an upper panel (a), and 2) the spatial 
distribution of PSCF values in a lower panel (b). The endpoint densities are plotted in four gray 
scales, for densities of 0-5, 5-25, 25-100, and 100-1000 segment endpoints per 1 x 1 degree grid 
cell. For fewer than 5 endpoints per cell, little confidence should be attached to the associated 
PSCF values. For 5-25 endpoints per cell, we begin to have some confidence in the PSCF 
values. For densities of >25 endpoints per cell, we have confidence that the PSCF values are 
based on enough trajectories to produce a stable result. 
3.2.4.1 PCBs 
As background to the consideration of the PSCF results, it is useful to recall that PCA 
placed all the PCBs on the first principal component with moderate-to-high loadings. 
Temperature and south winds had weak loadings on the same component. 
Figure 26 shows results for gas-phase total PCBs. The distribution of endpoint density in 
Figure 26a shows >25 endpoints per cell in an area covering portions of northwestern Ontario 
and southeastern Manitoba in Canada, and all of Wisconsin, Minnesota, the Upper Peninsula of 
Michigan, the northeast quadrant of Iowa, extreme northern Illinois, and the lower Michigan 
coastline of Lake Michigan. 
The distribution of PSCF values for total PCBs is given in Figure 26b. Values >0.8, 
which give the strongest indication of a source area, occur generally to the south of the sampling 
site at Eagle Harbor. The area of overlap of these highest PSCF values and endpoint densities 
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Figure 26a. Distribution of back-trajectory segment endpoints 
per 1 x 1 degree cell for Eagle Harbor samples with gas-
phase total PCB concentrations > median. 
Figure 26b. Distribution of PSCF values for gas-phase 
total PCBs at Eagle Harbor. 
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>25 is the area of greatest confidence in these values, that is, from mid-Wisconsin and southeast 
Minnesota on the north to an east-west line just south of Chicago. This is the region of greatest 
confidence that the PSCF distribution reveals a major source area for total PCBs detected at 
Eagle Harbor. To the south of the east-west line, endpoint densities are between 5 and 25 per 
cell, so confidence is somewhat diminished. The high PSCF values south of the latitude of 
Chicago would appear to be a likely extension southward from the area of maximum confidence, 
but the plots of trajectories associated with high and low PCB concentrations in Figure 12 
confirm visually that four-day back-trajectories seldom reached the area south of Chicago. 
The source area for total PCBs suggested by the distribution of PSCF values (Figure 26b) 
agrees in part with the results of the cluster analyses (Figures 22 and 23). The trajectory clusters 
with the highest (cluster 10) and third-highest (cluster 7) concentrations of total PCBs also point 
to areas of southern Wisconsin and northern Dlinois. 
Figures 27-30 show results for four PCB homolog groups; the dichloro-, tetrachloro-, 
hexachloro-, and octachloro-PCBs. In all four figures the distribution of trajectory endpoints is 
very similar to those of the total PCBs in Figure 26a. Figure 27b shows the distribution of PSCF 
values for the dichloro-PCBs. One area of high PSCF values occurs in southern Wisconsin and 
northern Illinois, in an area of mostly >25 endpoints per cell, so we have high confidence that the 
PSCF values indicate a source area here. This area is within the area of high PSCF values for 
total PCBs, which also adds to the confidence. Figure 27b shows another area of high PSCF 
values in western New York and eastern Ontario. Because this area of PSCF >0.8 is in an area of 
fewer than 25 endpoints per cell, we have less confidence of its validity. Figure 12 confirms 
visually that few trajectories passed through this region. 
Figure 28b shows the distribution of PSCF values for the tetrachloro-PCBs. The highest 
values, indicative of source regions, are distributed in a manner very similar to those of the total 
PCBs in Figure 26. Like the total PCBs, the region of highest confidence in the PSCF values for 
the tetrachloro-homologs is in southern Wisconsin, southeastern Minnesota, northern Illinois, 
and northeast Iowa. 
The distribution of PSCF values for the hexachloro-PCBs is shown in Figure 29b. The 
highest values occur in two major areas that have been prominent for other compounds. The 
largest is the triangular-shaped area with its vertex close to Green Bay, Wisconsin. Based on the 
distribution of endpoint density, we have the most confidence that the portion of this area as far 
south as Chicago is a likely source area. The other area of high PSCF values covers western New 
York and eastern Ontario, an area of fewer than 25 endpoints per cell, which suggests that its 
validity is doubtful. An area of moderate (0.6-0.8) PSCF values in Figure 29b extends northward 
from the northwestern shoreline of Lake Superior. It is difficult to imagine that there would be 
strong PCB sources in this sparsely populated area of Canada. As we shall see later, such wedge-
shaped areas of high PSCF values (which might be called "phantom" sources) often signal the 
presence of a point source at the apex of the area, which in this case is near Thunder Bay, 
Ontario, an area that has been designated a Great Lakes Area of Concern, and is the location of 
pulp and paper mills, which can be sources of PCBs. The fact that only one homolog group 
shows this possible source area suggests that it is not a major source of PCBs at Eagle Harbor. 
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Figure 27a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
dichloro-PCB concentrations > median. 
Figure 27b. Distribution of PSCF values for gas-
phase dichloro-PCBs at Eagle Harbor. 
Figure 28a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
tetrachloro-PCB concentrations > median. 
Figure 28b. Distribution of PSCF values for gas-
phase tetrachloro-PCBs at Eagle Harbor. 
Figure 29a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
hexachloro-PCBs > median. 
Figure 29b. Distribution of PSCF values for 
gas-phase hexachloro-PCBs at Eagle Harbor. 
Figure 30a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
octachloro-PCBs > median. 
Figure 30b. Distribution of PSCF values for 
gas-phase octachloro-PCBs at Eagle Harbor. 
The distribution of PSCF values for the octachloro-PCBs is shown in Figure 30b, which 
has many features in common with the PSCF distributions for the other PCB homolog groups. 
These values include the high values in southern Wisconsin, northern Illinois, western New 
York, and eastern Ontario in an area of relatively low endpoint density. This particular area takes 
on the appearance of a wedge with the vertex near Sault Ste. Marie, and may signal a point 
source at that location. The area is known to include a power plant and paper mills (International 
Joint Commission, 1998), which could be sources of PCBs. There is also a small area of high 
PSCF values along the extreme north edge of the map (Figure 30b), but again validity is doubtful 
because it is in an area in which endpoint density is <25 per grid cell. 
The pattern of high PSCF values in southeastern Minnesota, southern Wisconsin, and 
northern Illinois is in good agreement with clusters 10 and 7 (Figure 22), which frequently have 
high mean and median concentrations of PCBs (Figure 23). None of the trajectory clusters with 
high mean or median concentrations support the area of high PSCF values in Ontario to the east 
and southeast of Sault Ste. Marie, although cluster 12 includes trajectories that passed over Sault 
Ste. Marie. 
3.2.4.2 Pesticides 
As background, recall that PCA grouped all the pesticides mostly on one component 
(component 4), which also had moderate-to-high loadings for south winds, temperature, and solar 
radiation. Another component had moderate loadings for DDD and HCB. 
The PSCF distributions and associated trajectory endpoint density distributions for seven 
chlorinated pesticides are shown in Figures 31-38. Endpoint density distributions are generally 
similar to those for the PCBs, except for the chlordane compounds, for which the areas covered 
by the various endpoint densities are smaller because of the smaller number of samples analyzed 
for these materials. 
Results for α- and γ-HCH are shown in Figures 31 and 32. Figures 31a and 32a show 
similar areas of endpoint densities >25 per cell. However, for γ-HCH (Figure 32a) the area 
covers Lake Michigan and the adjacent shoreline area of lower Michigan, but it does not extend 
into Manitoba as it does for α-HCH . The distributions of PSCF values for the two HCH isomers 
are similar in a general way in that the highest values are located mostly to the southeast of Eagle 
Harbor and the lowest values are mostly to the northwest. However, the high PSCF values for α-
HCH (Figure 31b) are patchier and more scattered than those of γ-HCH, which appear as a nearly 
solid block covering most of the lower right quadrant of the map in Figure 32b. For both isomers, 
the area of highest confidence as a potential source area is the area of endpoint densities >25 per 
cell in southern Wisconsin and northern Illinois. This agrees with the finding that the highest 
median concentrations are associated with back-trajectory cluster 10 (Figure 22). For γ-HCH, the 
area of endpoint densities >25 extends into the western edge of the lower peninsula of Michigan. 
In areas toward the east and southeast portions of the maps (Figures 33b and 34b), in which the 
endpoint density is <25, confidence in the validity of the PSCF values diminishes. Nevertheless, 
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Figure 31a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Eagle Harbor samples with gas-phase 
α-HCH concentrations > median. 
Figure 31b. Distribution of PSCF values for 
gas-phase α-HCH at Eagle Harbor. 
Figure 32a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Eagle Harbor samples with gas-phase 
γ-HCH concentrations > median. 
Figure 32b. Distribution of PSCF values for 
gas-phase γ-HCH at Eagle Harbor. 
Figure 33a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
dieldrin concentrations > median. 
Figure 33b. Distribution of PSCF values for 
gas-phase dieldrin at Eagle Harbor. 
Figure 34a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase HCB 
concentrations > median. 
Figure 34b. Distribution of PSCF values for 
gas-phase HCB at Eagle Harbor. 
Figure 35a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase DDT 
concentrations > median. 
Figure 35b. Distribution of PSCF values for 
gas-phase DDT at Eagle Harbor. 
Figure 36a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase DDE 
concentrations > median. 
Figure 36b. Distribution of PSCF values for 
gas-phase DDE at Eagle Harbor. 
Figure 37a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Eagle Harbor samples with gas-phase 
γ-chlordane > median. 
Figure 37b. Distribution of PSCF values for 
gas-phase γ-chlordane at Eagle Harbor. 
Figure 38a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Eagle Harbor samples with gas-phase 
α-chlordane > median. 
Figure 38b. Distribution of PSCF values for 
gas-phase α-chlordane at Eagle Harbor. 
it is interesting to note that lindane (γ-HCH) was used heavily in the past on fruit and nut trees in 
the southeastern United States (Majewski and Capel, 1995). 
Figure 33 shows results for dieldrin. The area with endpoint densities >25 per cell 
(Figure 33a) is much like those seen earlier-latitudes between Chicago and a point in Ontario 
about halfway between Lake Superior and Hudson Bay and longitudes between Sault Ste. Marie 
and the western border of Minnesota. High PSCF values for dieldrin (Figure 33b) cover a broad 
sector to the south of the sampling site, similar in shape to that of total PCBs (Figure 26b). The 
northern portions of this area (down to the latitude of Chicago) are in the zone of higher endpoint 
densities and thus higher confidence that the area is a source of dieldrin. The areas farther south 
are a likely source area as well, both in terms of their moderate endpoint densities and because 
dieldrin is a major breakdown product of aldrin, which was used as a herbicide on corn in the 
Corn Belt of the Midwest (Majewski and Capel, 1995). The PSCF pattern agrees in general with 
the finding of high dieldrin concentrations associated with trajectory clusters 10 and 7. 
Results for HCB, which is both a pesticide and an industrial chemical, appear in Figure 
34. The pattern of endpoint densities (Figure 34a) is similar to those of other compounds 
examined previously, although in this case the lower boundary appears to be about at the 
southern borders of Minnesota and Wisconsin. The pattern of high PSCF values for HCB is 
somewhat different than we have seen before, with most of the values >0.8 outside the regions of 
endpoint densities >25. The highest values lie across western Michigan, most of Indiana, and 
central Illinois; but only the area near Lake Michigan has endpoint densities >25. Somewhat 
lower PSCF values, between 0.6 and 0.8, extend northwestward from the highest values into the 
area of higher endpoint densities across portions of Wisconsin and Minnesota. This overall 
pattern agrees in general with the wind direction sectors favored by the clusters with the highest 
mean HCB concentrations (Figure 23), especially cluster 10, although there was not a strong 
wind direction preference in Figure 23, in keeping with the known status of HCB as a global 
pollutant with a long lifetime in the atmosphere. 
Results for p,p'-DDT (DDT) and p,p'-DDE (DDE) are shown in Figures 35 and 36. 
Majewski and Capel (1995) stated that DDE is a major metabolite of DDT and that DDT was 
used in the past primarily on cotton in the southeast and Mississippi delta states. DDT was also 
used in the Appalachian and southern plains states on soybeans and grains, and to a lesser extent 
on wheat, tobacco, and corn. The patterns of endpoint densities for DDT (Figure 35a) and DDE 
(Figure 36a) are similar to each other and to the other pesticides examined. The southern extent 
of the >25 endpoints/cell area is at about the Wisconsin/Illinois line for DDT and about the 
latitude of Chicago for DDE. The PSCF patterns of the two compounds are somewhat different, 
however. Areas of PSCF values >0.8 are rather small and scattered for DDT (Figure 35b), 
whereas DDE (Figure 36b) has a relatively large area in that range of values. For DDT, the area 
of high PSCF values that fall within the >25 range of endpoint densities is in southeastern 
Wisconsin. Other high PSCF values for DDT occurred in western New York and eastern 
Ontario, in western Iowa and northern Missouri, and in northern Ontario; but these are areas of 
lower endpoint densities and thus are rather doubtful. 
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The PSCF pattern for DDE (Figure 36b) is reminiscent of that of total PCBs, and indeed, 
DDE was found on the same principal component as the PCBs (Figure 11) with a loading of 
about 0.6. The area of high PSCF values within the area of endpoint densities >25 is limited to 
southern Wisconsin and northern Illinois, however, which is consistent with the high 
concentrations found on trajectory cluster 10. 
Results for γ- (or trans-) chlordane and α- (or cis-) chlordane are given in Figures 37 and 
38. These are two of the major components among the more than 40 individual chlorinated 
compounds identified in technical-grade chlordane pesticides (Puri et al., 1990). Before its use 
was suspended in 1987, chlordane was used for about 40 years in a variety of agricultural 
applications and for control of termites and ants around homes (Puri et al., 1990). 
The distributions of endpoint densities in Figures 37a and 38a are roughly similar in shape, 
but cover smaller areas, compared to those of pollutants examined previously. This is because the 
three chlordane compounds were added to the list of analytes well into the sampling program, and 
only 45 of the 92 samples collected at Eagle Harbor were analyzed for the chlordanes. The 
distributions of the PSCF values shown in Figures 37b and 38b are quite similar. The high values 
generally are found in the southeast quadrant of the map, in agreement with patterns found for 
other pesticides on principal component 4 (Figure 11). In addition, the high values extend into 
Iowa and Nebraska for α-chlordane. Because of the more limited coverage of the area of >25 
endpoints/cell, only the high PSCF values in Upper Michigan, northwestern lower Michigan, and 
northern Wisconsin are within the area of maximum confidence. The Wisconsin and Upper 
Michigan locations agree with the finding of high concentrations in back-trajectory cluster 5 
(Figures 22 and 24), although it must be pointed out that only one sample analyzed for the 
chlordanes was associated with that trajectory cluster. 
3.2.4.3 PAHs 
Figures 39-42 show results for four PAH compounds; ACNE (Figure 39) and PHEN 
(Figure 40) have three rings in their molecular structure, and PYRN (Figure 41) and CHRY 
(Figure 42) are four-ring compounds. Recall that the PAHs occurred on three separate principal 
components (Figure 11). The heavier compounds (ANTH, FLAN, PYRN, RET, BAA, and 
CHRY) had high loadings on component 2 and no wind direction dependence. An overlapping 
set of lighter compounds (ACNE, FLOR, PHEN, FLAN, and PYRN) occurred on principal 
component 3 with loadings mostly near 0.5, and a relatively strong loading for west winds, which 
is consistent with the Duluth area as a source. A third overlapping group (ACNY, ACNE, FLOR, 
PHEN, ANTH, FLAN, and PYRN) occurred on principal component 4 along with most of the 
pesticides. This component also had relatively high loadings for temperature, solar radiation, and 
south winds, which suggests that these compounds may be undergoing temperature-mediated 
cycling between the gas phase and sorbed to solids. The association with south winds is 
consistent with the high frequency of south winds in summer, when temperatures and solar 
radiation fluxes are highest. 
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Figure 39a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase ACNE 
concentrations > median. 
Figure 39b. Distribution of PSCF values for 
gas-phase ACNE at Eagle Harbor. 
Figure 40a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase PHEN 
concentrations > median. 
Figure 40b. Distribution of PSCF values for 
gas-phase PHEN at Eagle Harbor. 
Figure 41a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
PYRN concentrations > median. 
Figure 41b. Distribution of PSCF values for 
gas-phase PYRN at Eagle Harbor. 
Figure 42a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Eagle Harbor samples with gas-phase 
CHRY concentrations > median. 
Figure 42b. Distribution of PSCF values for 
gas-phase CHRY at Eagle Harbor. 
The distributions of endpoint densities in the a sections of Figures 39 - 42 are roughly 
similar in shape to those of pollutants examined previously; but some differences are evident, even 
among these four PAHs. For these four compounds, the area of endpoint densities >25 per cell 
always includes all of Wisconsin and Minnesota, southeastern Manitoba, a portion of 
northwestern Ontario, and the Upper Peninsula of Michigan. The area also includes Chicago 
(except for Figure 39a), and in some cases portions of northern Iowa, Lake Michigan, and the 
western Lower Peninsula of Michigan. 
The distribution of PSCF values for ACNE is shown in Figure 39b. The main area of 
PSCF values >0.8 covers portions of Lake Michigan and the western lower peninsula of 
Michigan, southeast Chicago, east-central Illinois, and most of Indiana. Only the portion of this 
area north of approximately Milwaukee falls in the area of endpoint densities >25 per cell. A 
large area of PSCF values between 0.6 and 0.8 covers the western 3/4 of Minnesota, most of both 
Dakotas, and portions of Saskatchewan and Manitoba in Canada. It is difficult to imagine what 
large sources of PAHs might be located in this area of low population density, but the area in 
Minnesota is within the zone of >25 endpoints per cell. The area is generally upwind of Duluth 
for trajectories that could have passed over Duluth, however; so it is possible that the area is an 
anomaly of the computational method. Trajectories that passed over this area could have been 
assigned high average concentrations because the trajectories later passed over Duluth, which 
emitted the PAHs that produced the high concentrations.. Similar areas of PSCF values between 
0.6 and 0.8 were found in roughly the same location for PHEN (Figure 40b) and CHRY (Figure 
42b), and possibly also PYRN (Figure 41b). Three of the four PAHs had moderate loadings on 
principal component 3, which was associated with west winds at Eagle Harbor, making Duluth a 
likely source area. 
The distribution of PSCF values for PHEN (Figure 40b) shows the highest values in 
roughly the same location as those of ACNE, except that the area is somewhat larger. The 
portion of this area from Chicago northward is in the zone of endpoint densities >25 per cell in 
which high PSCF values most likely indicate sources. The PSCF distributions for PYRN (Figure 
41b) and CHRY (Figure 42b) also include areas of values >0.6 and even >0.8 in southern 
Wisconsin and in the vicinity of Chicago. These locations are within areas of endpoint densities 
>25 per cell. 
The distribution of PSCF values for CHRY in Figure 42b also includes an area of values 
>0.8 in eastern Ontario and New York. There are high PSCF values in a wedge-shaped area of 
low population upwind of a likely source [steel industry sources at Sault Ste. Marie (International 
Joint Commission, 1998)] for trajectories that could have passed over the source. These high 
PSCF values are also located in an area of low endpoint density, so the likelihood that this is a 
valid source area is low. 
3.2.5 Summary Table 
All the results for Eagle Harbor are summarized in Table 5. For each pollutant, the 
evidence for source locations, as revealed by PCA, cluster analysis, and the PSCF method, are 
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Table 5. Summary of Evidence for Source Locations and Mechanisms, Based on Eagle Harbor Data 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
Total PCBs PC#1: Weak loading for T p=0.112 
CL-10(4):WI, n lL 
CL-12 (6): L&V, Sault Ste. Marie? 
CL-7 (4): MN, Wl, IA 
Wl, c&s MN, ne IA, n IL, w Ip Ml se NE, s IA, c&s IL, IN 
Dichloro-PCBs PC#1: Weak loading for T 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.172 
CL-10(4):WI, n IL 
CL-5 (2): up Ml, n Wl 
CL-7 (4): MN, Wl, IA 
Wl, s MN, ne IA, n IL 
Tetrachloro-PCBs PC#1:Weak loading for T p=0.152 
CL-10(4): WI, n lL 
CL-12 (6): L&V, Sault Ste. Marie? 
CL-7 (4): MN, Wl, IA 
Wl, c&s MN, ne IA, n IL se NE, s IA, c&s IL, IN 
Hexachloro-PCBs PC#1 :Weak loading for T p=0.445 
CL-10(4): WI, n IL 
Wl, se MN, ne IA, n IL, sw Ip Ml Thunder Bay, Ont 
se NE, se IA, c&s IL, IN 
Octachloro-PCBs PC#1 Weak loading for T p=0.074 
CL-10(4): WI, n lL 
CL-3 (3): L&V, all directions 
CL-5 (2): up Ml, n Wl 
Wl, se MN, ne IA, n IL se SD, e NE, w IA, c&s IL, IN 
a-HCH PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.310 
CL-10(4):WI, nIL 
s Wl, ne IA, n IL Wedge vertex in n lower Ml 
g-HCH PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.063 
CL-10(4): WI, n IL 
Wl, se MN, ne IA, n IL, up Ml, w Ip Ml Former high use area in S.E.U.S.? 
Dieldrin PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.002 
CL-10(4): WI, n lL 
CL-5 (2): up Ml, n Wl 
CL-7 (4): MN, Wl, IA 
Wl, se MN, ne IA, n IL, up Ml, w Ip Ml se NE, IA, c&s IL, IN, w OH 
DDT PC#4: Mod loading S winds p=0.067 
CL-10(4): WI, n lL 
c & se Wl nw Ontario 
Table 5. (concluded) 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of >25 endpoints/cell Other possible source locations 
DDE PC#1: Weak loading for T 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.012 
CL-10(4): WI, n IL 
CL-5(2): up MI, n WI 
CL-7 (4): MN, Wl, IA 
Wl, se MN, ne IA, n IL, w Ip MI se NE, IA, c&s IL, Ip Ml, IN, w OH 
g-chlordane PC#2 No met p=0.091 
CL-5(1): up MI, n WI 
CL-3 (3): L&V, all directions 
n Wl, se MN, up Ml, nw Ip Ml Wl, Ip Ml, e IL, IN, OH, w PA 
a-chlordane PC#2 No met p =0.107 
CL-5(1): Ml u.p., n WI 
CL-3 (2): L&V, all directions 
CL-7 (2): MN, Wl, IA 
n Wl, se MN, up Ml, nw Ip Ml se NE, IA, c&s IL, Ip Ml, IN, OH, w PA 
HCB PC#2 No met 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.230 
Little variation between clusters 
n WI, se WI, n MN, w lp MI c IL, IN 
ACNE PC#1: Weak loading for T 
PC#3: Mod loading W winds 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.217 
CL-5 (2): Ml u.p., n Wl 
CL-4(6): nw WI, MN 
CL-7 (4): MN, Wl, IA 
w MN (Duluth?), e WI, w lp MI c IL, IN 
PHEN PC#3: Mod loading W winds 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.099 
CL-11 (4): Ontario 
CL-10(4): WI, n IL 
CL-5 (2): up Ml, n Wl 
Wl, s MN, ne IA, n IL, w Ip MI c IL, IN 
PYRN PC#2 No met 
PC#3: Mod loading W winds 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.245 
CL-11 (4): Ontario 
CL-10(4):WI, nIL 
s WI, se MN, ne lA, n lL 
CHRY PC#2 No met p=0.727 
CL-11 (4): Ontario 
CL-10(4):WI, nIL 
c & s Wl, w MN (Duluth?) Phantom suggests Sault Ste. Marie 
Note: See section 3.2.5 for definitions of all abbreviations. 
listed. To save space, many common abbreviations have been used in the table. These include T, 
for temperature; mod for moderate, SolRad for solar radiation, n, s, e, and w to designate areas of 
states (and c for central), and when capitalized, for wind directions. Others are lp and up for the 
Lower and Upper Peninsulas of Michigan, and L&V, for light and variable winds. The usual two-
character identifiers are used for the states, but Ontario may be Ont. Cluster numbers are 
indicated by CL-, and the number of samples in the cluster is given in parentheses. 
3.3 Results for Sleeping Bear 
3.3.1 Principal Components Analysis 
Loadings results from a PCA of the Sleeping Bear measurements are shown in Figure 43. 
Results are shown for the first four components, which together explain 67% of the variance in 
the data set. The first principal component explains 29% of the variance, and exhibits very high 
loadings for total PCBs and most of the PCB homolog variables. This component also has 
moderate loadings for several pesticides-γ-HCH (lindane) (0.51), dieldrin (0.55), HCB (0.55), 
and the DDT group (0.51-0.73), and a moderate loading for temperature (0.55). As in the PCB 
component at Eagle Harbor, the highest loadings among the homolog groups are on the 
moderately chlorinated compounds, from the trichlorinated to the hexachlorinated PCBs (0.92-
0.94). The loading for the dichlorinated group was slightly lower (0.82), and those for the hepta-
and octa-groups were lower still (0.62 and 0.74, respectively). 
The second component explains 18% of the variance and contains moderate-to-high 
loadings for all the PAHs. The PAHs all occurred on this single component at Sleeping Bear, and 
they were unrelated to temperature or wind direction. This is in contrast to the situation at Eagle 
Harbor, in which the PAHs occurred primarily on three separate components, two of which were 
related to wind directions and one of those was weakly related to temperature as well. 
The highest loading on the third component (10% of the variance) is for south winds 
(0.78). Temperature is also present with a moderate loading (0.44); the component had only three 
pollutants with even moderate loadings-two pesticides (dieldrin, 0.57, and DDE, 0.41) and the 
PAH FLOR (0.52). This component is analogous to the one in which the three chlordane 
compounds occurred when I analyzed just the portion of the data set that contained the chlordane 
measurements. The south-wind/temperature component at Eagle Harbor includes a wide range of 
pesticide and PAH compounds with moderate loadings, including all three of those on the 
corresponding component at Sleeping Bear, but not including the chlordanes. 
The fourth component (explaining 10% of the variance) at Sleeping Bear is another wind-
direction component, east winds this time. Temperature has a moderate loading (0.41) as well. 
The pollutants on this component are all pesticides—both α- and γ-HCH, DDD, and HCB, and all 
have loadings between 0.50 and 0.60. There was no east-wind component at Eagle Harbor. 
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Figure 43. Principal components results for Sleeping Bear. Loadings shown are primarily 
those >0.40. The data set analyzed did not include the three chlordanes, so as to maximize 
the number of samples. Separate analyses on the subset of data including the chlordanes 
revealed that they occur on component 3 with other pesticides, not on components 1 or 4. 
Abbreviations for the variables are given in Tables 1-3. 
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3.3.2 Back-Trajectories Associated with Highest and Lowest Concentrations 
Because of the limited insights regarding source locations derived from this analysis at 
Eagle Harbor, these analyses were not performed at Sleeping Bear or any of the remaining 
sampling sites. 
3.3.3 Cluster Analysis of Back-Trajectories 
Table 6 gives the trajectory clustering results for Sleeping Bear. The descriptions are 
subjective, and based on visual interpretations of the 11 trajectory clusters shown in Figure 44. 
Variations of toxic pollutant concentrations by trajectory cluster are shown in Figures 45-
47 for PCBs, pesticides, and PAHs, respectively. These figures show the mean ± SEM and the 
median concentrations for each cluster as well as the Kruskal-Wallis probability (p) that the 
medians in all clusters are equal. As at Eagle Harbor, we assume that significance levels even as 
high as 25%, together with evidence from other analysis techniques, may be a useful indication 
of source region. Also as at Eagle Harbor, each measured concentration was assigned to a single 
cluster. See section 3.2.4 for details. 
Table 6. Summary of Back-Trajectory Clustering Results for Sleeping Bear 
Transport description 
Cluster No. of Direction of 
no. cases approach Speed 
1 10 W-NW high 
2 9 SW high 
3 35 All (N trend) low 
4 20 NW-N high 
5 10 S (looping to NW) mostly low 
6 22 NE-N high 
7 24 All (SW trend) low 
8 26 SW-NW low 
9 6 SSE high 
10 13 S (looping to SE) low 
11 8 SW-NW high 
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Figure 44. Back-trajectory clusters for Sleeping Bear Dunes, 
December 1991 - July 1994. 
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Figure 44. (concluded). 
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Figure 45. Mean and median concentrations of total PCBs and four homolog sums for 
11 back-trajectory clusters at Sleeping Bear. The error bar is the standard error of the 
mean (SEM). Numbers of trajectories (n) are shown for n < 10. The p-value is the 
probability that all clusters have the same median concentration, based on the non-
parametric Kruskal-Wallis test. 
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Figure 46. Mean and median concentrations of pesticides for 11 back-trajectory clusters at 
Sleeping Bear. The error bar is the standard error of the mean (SEM). Numbers of samples per 
cluster (n) shown for α-HCH also apply to the other compounds (except the three chlordanes) 
unless other values are shown. The n-values for chlordanes are shown for γ-chlordane. 
The p-value is the probability that all clusters have the same median concentration, 
based on the Kruskal-Wallis test. 
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Figure 47. Mean and median concentrations of 8 PAHs for 11 back-trajectory clusters at Sleeping 
Bear. The error bar is the standard error of the mean (SEM). Numbers of samples per cluster (n) 
shown for ACNY apply to the other compounds also. The p-value is the probability that all clusters 
have the same median concentration, based on the Kruskal-Wallis test. 
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Some of the 65 samples at Sleeping Bear were not considered in this analysis because their 
three trajectories were assigned to different clusters, and the average number of samples in the 11 
clusters was less than six. The range of samples per cluster is 2 -11 for the PCBs (Figure 45), for 
most pesticides (Figure 46) (1-7 for the chlordane compounds), and for the PAHs (Figure 47). 
As indicated in the discussion of this analysis at Eagle Harbor, these numbers are well below ideal, 
and confirmation by other techniques is needed before conclusions can be drawn about source 
regions. 
Mean and median concentrations of PCBs are shown in Figure 45 for the 11 clusters at 
Sleeping Bear. Results are plotted for total PCBs and for four homolog sums: dichloro-, 
tetrachloro-, hexachloro-, and octachloro-PCBs. Mean values exceeded medians in less than half 
of the clusters, and few, if any, mean/median ratios were >2. The lack of large values for the 
mean/median ratio may suggest the absence of local sources. 
For total PCBs (p = 0.059), and for the three of four homologs with p-values of 0.12 or 
less in Figure 45 (all except octachloro-PCB), we examined the variation of concentration with 
cluster in a search for indications of source area(s). For total PCBs, the highest mean and median 
concentrations are observed in clusters 2 and 7 (three and six samples, respectively), and the two 
next highest in clusters 5 and 9 (three and two samples, respectively). The same two clusters have 
the highest concentrations of tetrachloro- and hexachloro-PCBs; and the same four clusters have 
the four highest concentrations of dichloro-PCBs. The low sample counts indicate the 
considerable uncertainty associated with any indications of source area. 
The trajectories forming cluster 2 come to Sleeping Bear from the southwest across Lake 
Michigan from industrial areas of southern Wisconsin, the Chicago area, northwest Indiana, and 
the St. Louis area. Cluster 7 appears to include trajectories that meandered at low speeds over 
Wisconsin, northern Illinois, and western Michigan during the four days prior to arrival at 
Sleeping Bear. Air stagnation under slow-moving high pressure areas would be consistent with 
these meandering trajectories. Cluster 5 includes trajectories that originated mostly northwest of 
the Sleeping Bear site, but passed over southern Wisconsin, southern lower Michigan, or northern 
Illinois or Indiana before approaching the Sleeping Bear site. Cluster 9 includes only six 
trajectories, all of which originated in Alabama or Georgia four days before arriving at Sleeping 
Bear; they tracked mostly across Indiana and lower Michigan in their approach to Sleeping Bear. 
Figure 46 shows mean and median concentrations of ten pesticides by trajectory cluster. 
Overall, means exceed medians in about half the cases. For most of the compounds, the ratios of 
mean/median are <2, an indication of a lack of local sources. Mean/median ratios >2 are found for 
several specific clusters of several compounds. This occurs with γ-HCH (lindane), and all three 
members of the DDT group. Probabilities of equal medians over all clusters are <0.20 for seven 
of the ten compounds. Only DDT, DDD, and HCB have higher p-values. 
At Sleeping Bear, the results for α- and γ-HCH again present an interesting contrast, 
although their p-values were not greatly different, 0.14 vs. 0.17. For α-HCH, the highest median 
concentrations occurred in clusters 11, 5, and 9 (with three, two, and three samples, respectively). 
For γ-HCH the highest medians occurred in a similar group of clusters, 9, 11, 3, and 5, in 
-74-
decreasing order. The interesting feature is that γ-HCH has mean/median ratios >2 in clusters 5, 
6, and 3, in decreasing order, suggesting local sources in the direction from which those 
trajectories approached. Clusters 5 and 9 were described previously. The description of cluster 5 
bears repeating, because this cluster had the highest mean/median ratio (8.1). Cluster 5 includes 
trajectories that originate mostly northwest of the Sleeping Bear site, but they pass over southern 
Wisconsin, southern lower Michigan, or northern Illinois or Indiana before approaching the 
Sleeping Bear site. The trajectories in cluster 11 arrive either from the northwest or the 
southwest. Those in cluster 3 arrive from virtually all directions, and after much meandering, 
likely under light-wind, high-pressure synoptic meteorological regimes; but most of the 
meandering occurs to the north, northwest, or northeast of the Sleeping Bear site. The 
trajectories in cluster 6 appear to originate in the northeastern quadrant from the sampling site, 
but some of them appear to loop around and approach the site from the west or southwest. 
Cluster 5 has the highest mean/median ratio and the fourth highest median concentration 
of γ-HCH. Unfortunately, the trajectories in cluster 5 pass over a broad area, so it is impossible 
to pinpoint a source. The trajectory clusters for γ-HCH at Eagle Harbor suggest sources in 
Wisconsin or adjacent states, and cluster 5 from Sleeping Bear is consistent with that indication. 
The higher mean value for cluster 5 at Sleeping Bear (about 500 pg/m3) compared to the highest 
cluster mean at Eagle Harbor (about 120 pg/m3) suggests that the source is closer to Sleeping 
Bear, likely somewhere in Michigan. An analysis of local surface wind directions associated with 
three unusually high γ-HCH measurements at Sleeping Bear is presented later in this report. 
Dieldrin concentrations (Figure 46) are considerably higher in five clusters-2, 7, 9, 10, and 
11-than in the remaining six. The sample counts in the five clusters are three, six, two, four, and 
three, respectively. The Kruskal-Wallis p-value of 0.002 shows that it is very unlikely that median 
values in all clusters are equal. Clusters 2, 9, and 11 were described earlier. Clusters 2 and 9 also 
have some of the highest concentrations of PCBs, with airflow from the southwest and south-
southeast, respectively. Most of the trajectories in cluster 11 show air motion from the west into 
southern Wisconsin, and then an approach to Sleeping Bear from the southwest. Cluster 7 is one 
involving light winds and much meandering, with trajectory tracks over most of Wisconsin, 
northwest Illinois, and the western side of lower Michigan. All of these are consistent with 
transport of dieldrin from the corn belt. As indicated earlier, dieldrin is a breakdown product of 
the pesticide aldrin, which in the past was used heavily on corn (Majewski and Capel, 1995). 
The p-values for all three chlordane compounds (Figure 46) were less than 0.04, indicating 
that, despite very low sample counts in many clusters, the probability is low for the median 
concentrations in all clusters being the same. Clusters with the highest mean concentrations are 2, 
7, 9, 10, and 11, the same as for dieldrin. These clusters include trajectories approaching Sleeping 
Bear from the south-southeast through the west, especially from the southwest, including the 
areas of high population density around the south end of Lake Michigan, where high local 
concentrations were measured (see Figure 9). 
Figure 46 also shows concentrations by trajectory cluster for the DDT group, including its 
breakdown products DDD and DDE. Only for DDE is the p-value <0.25. The highest DDE 
concentrations are observed in clusters 2, 7, and 9 (sample counts three, six, and two, 
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respectively), which, again, point to the southwest quadrant from Sleeping Bear. The 
mean/median ratio is >2, with relatively low median concentrations, in cluster 6 (nine samples) for 
all three DDT compounds, and in cluster 3(11 samples) for DDD and DDE. Both of these 
clusters have trajectories arriving from all points of the compass, so perhaps it is to be expected 
that there would be a few high concentrations among them, leading to high mean/median ratios. 
Figure 46 also shows the concentrations by trajectory cluster for HCB. The p-value of 
0.367 as the probability that all the medians are equal is in keeping with HCB as a global pollutant 
well mixed in the atmosphere and exhibiting little variation with wind direction. 
Figure 47 shows mean and median concentrations of eight PAHs by trajectory cluster at 
Sleeping Bear. The number of samples per cluster ranges from 2 to 11. Recall that the PCA 
(Figure 43) grouped all the PAHs in a single component (except for FLOR, which also had a 
secondary loading on another component). Four of the eight compounds have p-values <0.25. 
These four compounds are the most likely to have significant differences in concentration between 
clusters, and the clusters with the highest concentrations vary between compounds, but clusters 2, 
7, 9, and 10 are frequently among the highest in concentration. Once again these clusters point to 
the southeast and southwest quadrants from the Sleeping Bear site, and they include the large 
population centers and industrial areas in southeastern Michigan and the south end of Lake 
Michigan. Those compounds with higher p-values included ACNY (p = 0.92), FLAN (0.27), 
PYRN (0.39), and CHRY (0.67). However, the highest concentrations of some of these 
compounds also occur in many of the same clusters, especially cluster 2. 
3.3.4 Evidence for Local Sources of v-HCH near Sleeping Bear: Surface Wind 
Analysis of Three High-concentration Samples 
The ratio between α- and γ-HCH concentrations is typically >1 (Tatsukawa et al., 1990). 
Ratios <1 are very unusual; they usually occur because of high concentrations of γ-HCH and can 
indicate the presence of local sources. Figure 48 shows plots of the α/γ-HCH ratio vs γ-HCH 
concentration for the five sampling sites used in this study. Note that the only γ-HCH 
concentrations >1000 pg/m3 at any of the five sampling sites were observed at Sleeping Bear, and 
these samples had α/γ-HCH ratios <1. These samples were collected in May and July 1992, and 
May 1994, which strongly suggests local sources, and likely current use, of lindane pesticide. 
Wind records provide clues to the directions) of the source(s) from the sampling site. 
Figure 49 shows composite wind direction percent frequencies on a polar plot for the 
three samples. These frequencies were computed using hourly average wind directions measured 
at the Sleeping Bear site. For each sample, the number of hours with winds from each 30-degree 
wind sector (1-30, 31-60, etc.) was tabulated, and the percent frequencies were computed. These 
frequencies are shown in Figure 49a. Figure 49b is similar except when the hours were summed 
by sector, the sum in any sector was set to zero if the count in that sector was zero for any of the 
three samples. The reasoning was that, if a high-concentration sample had no winds from a 
particular sector, the source could not be in that direction. The assumption is valid if there is only 
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Figure 48. Variation of α/γ -ratio with γ-HCH concentration at five sampling sites. 
Three outliers with ratios > 300 were omitted. 
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Figure 49a. Wind direction percent frequencies of 
three high-lindane samples at Sleeping Bear 
(30-degree sectors). 
Figure 49b. Wind direction percent frequencies of three 
high-lindane samples at Sleeping Bear (30-degree sectors). 
Sector frequencies were assumed equal to zero if they 
were zero in any of the three samples. 
Figure 49c. Wind direction percent frequencies, 
by 90-degree sector for all lindane measurements 
at Sleeping Bear, 1991-1994 
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one source or multiple sources are all in the same direction sector; but the assumption would not 
be valid for multiple sources in different sectors affecting different samples. 
Figure 49c shows composite wind direction frequencies for all γ-HCH measurements at 
Sleeping Bear-both high and low concentrations. Clearly, the three high concentrations most 
likely arrived from within about 30 degrees of east, whether one uses Figure 49a or 49b. 
3.3.5 Potential Source Contribution Function 
3.3.5.1 PCBs 
As background, we observe that PCA grouped all the PCBs on principal component 1 
with moderate-to-high loadings. Temperature also had a moderate loading on this component. 
We note again that the confidence we may have in these distributions depends to a great 
extent on the related distribution of the number of back-trajectory segment endpoints per grid cell. 
Thus each figure to be discussed shows both the distribution of trajectory segment endpoint 
density in an upper panel (a) and the spatial distribution of PSCF values in a lower panel (b). For 
fewer than five endpoints per cell, little confidence should be attached to the associated PSCF 
values. For 5-25 endpoints per cell, we begin to have some confidence in the PSCF values. For 
densities of >25 endpoints per cell, we have confidence that the PSCF values are based on enough 
trajectories to produce a stable result. 
Figure 50 gives results for gas-phase total PCBs. For Sleeping Bear the area of >25 
endpoint counts per 1 x 1 degree cell (Figure 50a) covers all of Wisconsin and the Upper 
Peninsula of Michigan, the western half of lower Michigan, portions of northern Indiana and 
Illinois, the eastern fringes of Iowa, northeast and southeast Minnesota, and large areas of the 
Canadian provinces of Ontario and Quebec. Comparison of this endpoint distribution with the 
trajectory clusters in Figure 44 reveals that we must be cautious of accepting the distribution 
pattern near the edges of the domain, especially east of the sampling site (e.g., in Quebec and 
extreme northern New York), in which the smoothing technique can give anomalous results. 
The distribution of PSCF values for total PCBs is shown in Figure 50b. Two main areas of 
high PSCF values are apparent. One area of high PSCF values in Figure 50b covers northern New 
York, eastern Ontario, and portions of southeastern Quebec. Because it is in an area of anomalous 
trajectory endpoint densities, it is very unlikely that this whole area is a strong source of PCBs. 
More likely it is a phantom source area caused by a strong source between it and the sampling 
site. The Saginaw—Bay City—Midland area is a likely candidate for such a source, which is 
consistent with the moderately high concentrations observed in trajectory cluster 10 (Figure 44). 
The other main area of high PSCF values is a pyramid-shaped area with its vertex in 
Illinois. This area looks similar to one in Figure 26, showing sources of total PCBs observed at 
Eagle Harbor, except the area in Figure 50 does not extend as far north. This area of high PSCF 
values includes the areas of endpoint density >25 as far south as central Illinois, and it is 
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Figure 50a. Distribution of back-trajectory segment 
endpoints per 1 x 1 degree cell for Sleeping Bear samples 
with gas-phase total PCB concentrations > median. 
Figure 50b. Distribution of PSCF values for gas-phase total 
PCBs at Sleeping Bear. 
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consistent with the high concentration observed with trajectory cluster 2 (Figure 44). Again, this 
could be a phantom source area caused by the strong source area around the southwest end of 
Lake Michigan. 
Figure 51 shows results for the dichloro-PCBs homolog group. In Figure 51a the area of 
endpoint densities >25 is very similar to that of total PCBs in Figure 50a, except that the area of 
anomalous high densities northeast of Sleeping Bear in Ontario and Quebec is absent. 
The distribution of PSCF values for the dichloro-PCBs in Figure 51b is quite different 
from that of total PCBs in Figure 50b. The area of high PSCF values southwest of a line from 
Missouri to Montana is in an area of very low endpoint densities and can be safely ignored. The 
remaining area of high values southeast of a line from Missouri to New York is also largely 
outside the area of endpoint densities >25, but it could possibly be another phantom source area 
caused by strong sources in the Great Lakes industrial regions, including Chicago, Saginaw—Bay 
City—Midland, Detroit, Cleveland, and Buffalo. 
Figure 52 shows results for the tetrachloro-PCBs homolog group. The distributions of 
endpoint densities in Figure 52a and of PSCF values in Figure 52b are both very similar to the 
respective distributions of total PCBs, and they are interpreted in the same way. 
Figure 53 shows results for the hexachloro-PCBs homolog group. The distribution of 
endpoint densities in Figure 53a is very similar to that of total PCBs. The PSCF distribution is 
somewhat similar to that of the tetrachloro-group in Figure 52b, except that here there is an area 
of lower values in southern Illinois and Indiana and western Kentucky. The interpretation is also 
much the same, except here there seems to be some additional evidence for a source in the Detroit 
area. 
Results for octachloro-PCBs are shown in Figure 54. The distribution of endpoint 
densities in Figure 54a is very similar to that of the dichloro-PCBs in Figure 51a. The distribution 
of PSCF values in Figure 54b is also broadly similar to that of the dichloro-group in Figure 51b, 
except, for the area of low values in southern Illinois and Indiana and western Kentucky and 
Tennessee. The high values in the plains are in areas of low endpoint density and can be ignored 
The high PSCF values in the low-endpoint-density areas of the southeastern quadrant of Figure 
54b seem likely to be a phantom source caused by sources in the Saginaw-Bay City-Midland area 
and southeastern Michigan, and are they consistent with the high concentrations observed in 
cluster 10 Figure 44). 
All of the PSCF distributions for the PCBs (Figures 50-54) show areas of moderate-to-
high PSCF values in western Ontario, Manitoba, and/or Alberta. In most cases some or all of this 
area overlaps some endpoint densities >25 near Lake Superior. The population density is low in 
this area, so it seems unlikely to be a strong source of PCBs and more likely to be another 
phantom source area for a strong source between it and the sampling site. The identity of this 
type of source is not obvious, however. A similar, sizable area of high PSCF values was also seen 
in the hexachloro-PCB homolog group at Eagle Harbor, but not for total PCBs at Eagle Harbor 
nor for any of the other PCB homolog groups. 
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Figure 51a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
dichloro-PCB concentrations > median. 
Figure 51b. Distribution of PSCF values for 
gas-phase dichloro-PCBs at Sleeping Bear. 
Figure 52a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
tetrachloro-PCB concentrations > median. 
Figure 52b. Distribution of PSCF values for 
gas-phase tetrachloro-PCBs at Sleeping Bear. 
Figure 53a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
hexachloro-PCB concentrations > median. 
Figure 54a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
octachloro-PCB concentrations > median. 
Figure 53b. Distribution of PSCF values for 
gas-phase hexachloro-PCBs at Sleeping Bear. 
Figure 54b. Distribution of PSCF values for 
gas-phase octachloro-PCBs at Sleeping Bear. 
3.3.5.2 Pesticides 
Recall that pesticides appeared with mostly moderate loadings on three of the four 
components identified by principal component analyses. Lindane (γ-HCH), dieldrin, the three 
DDT compounds, and HCB were present on the first principal component, which had high 
loadings for PCBs and a moderate loading for temperature. The third principal component 
included dieldrin, DDE, and the chlordane compounds, and had a high loading for south winds 
and a moderate loading for temperature. The fourth principal component included the two 
HCHs, DDD, and HCB; and it was associated with east winds and weakly with temperature. 
The PSCF distributions and associated trajectory endpoint distributions for eight 
pesticides are shown in Figures 55-62. Trajectory endpoint density distributions of the pesticides 
show some similarities to those of the PCBs, but differences between individual compounds are 
noted. 
Results for α- and γ-HCH are shown in Figures 55 and 56. For α-HCH, endpoint 
densities >25 per cell (Figure 55a) occurred over most of upper and lower Michigan, Wisconsin, 
northeastern Minnesota, portions of northern Indiana and Illinois, a small portion of northeastern 
Iowa, and portions of western Ontario near Lake Superior. For γ-HCH, the pattern of densities 
>25 (Figure 56a) is similar, with somewhat reduced coverage in lower Michigan and northern 
Indiana. 
The PSCF distributions of α- and γ-HCH are shown in Figures 55b and 56b. There are 
many similarities, but also some differences. In both cases the high values west of a Missouri-
Montana line are in areas of low endpoint density and may be discounted. The PSCF pattern for 
oc-HCH shows high values in the southeast quadrant of Figure 55b. The northern fringe of this 
area, across southern Michigan and northern Indiana, coincides with endpoint densities >25, 
showing evidence of a possible source area. This potential source area is consistent with the high 
oc-HCH concentrations observed in clusters 5 and 9 (Figures 44 and 46). The high PSCF values in 
the southeastern United States might simply be a phantom caused by the source(s) in Michigan, 
but there is some possibility that they reflect transport from areas of previous high usage. For γ-
HCH, PSCF values between 0.6 and 0.8 are also found across southern Michigan and northern 
Indiana in an area of >25 endpoints per cell, so again a source area is likely. The high PSCF 
values in southern Indiana, Kentucky, and Tennessee and southward from there are probably a 
phantom caused by the Michigan source(s); but some possibility exists that they reflect transport 
from areas of previous high usage. The other areas of high PSCF values in Figure 56b can be 
discounted because they are in areas of low endpoint density. 
Figure 57 presents results for dieldrin at Sleeping Bear. The endpoint density pattern is 
similar to that of the HCHs, except that the area of >25 endpoints per cell in Ontario to the north 
of Lake Superior is reduced, and there are small, additional areas of >25 per cell in western 
Illinois and northeastern Missouri. The PSCF distribution shows the persistent pattern of high 
values to the west of a Missouri-Montana line, but this area can again be discounted because of 
low endpoint densities. The high PSCF values in the southeastern United States are another 
persistent feature of the pesticides, but only the portion of the area of PSCF values >0.8 in lower 
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Figure 55a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase α-
HCH concentrations > median. 
Figure 55b. Distribution of PSCF values for 
gas-phase α-HCH at Sleeping Bear. 
Figure 56a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Sleeping Bear samples with gas-phase 
γ-HCH concentrations > median. 
Figure 56b. Distribution of PSCF values for 
gas-phase γ-HCH at Sleeping Bear. 
Figure 57a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
dieldrin concentrations > median. 
Figure 57b. Distribution of PSCF values for 
gas-phase dieldrin at Sleeping Bear. 
Figure 58a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
HCB concentrations > median. 
Figure 58b. Distribution of PSCF values for 
gas-phase HCB at Sleeping Bear. 
Michigan and Indiana, and the area of 0.6-0.8 values in southern Wisconsin and northern Illinois 
may be meaningful indicators of source areas because they occur in areas of endpoint densities 
>25. This potential source area is consistent with the high concentrations observed in clusters 2, 
7, and 9 (Figures 44 and 46). It is also possible that the high PSCF values in areas of low 
endpoint densities in the southeastern United States are a phantom source caused by sources in 
the Corn Belt of Illinois, Indiana, and lower Michigan. 
Results for HCB at Sleeping Bear appear in Figure 58. The endpoint distribution for 
HCB is similar to the other pesticides; but in Michigan's Lower Peninsula, the >25 per cell 
values appear only on the west side of the state, the usual coverage in northern Indiana is 
reduced, and there is expanded coverage in northeastern Minnesota and northeast of Lake 
Superior in Ontario. The PSCF distribution for HCB also shows the high values to the west of a 
Missouri-Montana line that may be discounted due to low endpoint count. Within the area of >25 
endpoints per cell, the highest PSCF values were mostly in the 0.6-0.8 range at the south end of 
Lake Michigan. This is consistent with cluster 5 (Figures 44 and 46), which had the highest mean 
and median HCB concentrations. There were some >0.8 values in the Detroit area; these were 
mostly out of the >25 zone, but may still suggest a plausible source for this pesticide and 
industrial chemical in a large industrial area. Mostly, however, the PSCF distribution shows a 
lack of strong sources for HCB, which is consistent with other evidence that it is a well-mixed 
global pollutant. 
Results for DDT and DDE are shown in Figures 59 and 60. The distributions of their 
endpoint densities >25 per cell are similar (Figures 59a, and 60a). They incorporate all of 
Wisconsin and the Upper Peninsula of Michigan most (DDT) or all (DDE) of lower Michigan, 
northeastern Minnesota, and variable portions of northern Indiana, northern and northwestern 
Illinois, eastern Iowa, and northeastern Missouri. The highest PSCF values (Figure 59b) within 
the area of >25 endpoints per cell are values in the 0.6-0.8 range over southern Lake Michigan 
and adjacent shores in Wisconsin, Illinois, and Michigan. This area is consistent with observed 
high DDT concentrations in clusters 2, 7, and 9 (Figures 44 and 46). Areas of high PSCF values 
in the Great Plains can be discounted for the usual reason, but the similar area in southern 
Indiana and southward could possibly be a phantom source area caused by the urban area around 
the south end of Lake Michigan, which is known to have high ambient concentrations of DDT 
and other pesticides (Figure 9). 
The PSCF distribution for DDE (Figure 60b) is similar to that for DDT, with additional 
high PSCF values in the southeastern United States The PSCF values in the 0.6-0.8 range over 
the southern half of Lake Michigan and adjacent shores and the higher values across southern 
lower Michigan and the Detroit area are within the >25 endpoints per cell zone and must be 
considered likely source areas. The western portion of this area, at least, is consistent with 
observed high DDE concentrations in clusters 2, 7, and 9 (Figures 44 and 46). 
Figures 61 and 62 present results for γ- and α-chlordane. The areas of >25 endpoints per 
cell are reduced in size relative to other pesticides because fewer samples were analyzed for the 
chlordane group of compounds. For both compounds the area of >25 endpoints per cell includes 
most of Michigan and Wisconsin along with extreme northern Indiana, northern and 
northwestern Illinois, and extreme eastern Iowa. Areas within the zone of >25 endpoints per cell 
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Figure 59a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
DDT concentrations > median. 
Figure 59b. Distribution of PSCF values for 
gas-phase DDT at Sleeping Bear. 
Figure 60a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase DDE 
concentrations > median. 
Figure 60b. Distribution of PSCF values for 
gas-phase DDE at Sleeping Bear. 
Figure 61a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Sleeping Bear samples with gas-phase 
γ-chlordane concentrations > median. 
Figure 61b. Distribution of PSCF values for 
gas-phase γ-chlordane at Sleeping Bear. 
Figure 62a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Sleeping Bear samples with gas-phase 
α-chlordane concentrations > median. 
Figure 62b. Distribution of PSCF values for 
gas-phase α-chlordane at Sleeping Bear. 
in which the PSCF values exceeded 0.6 for both compounds included much of Michigan, 
southeast Wisconsin, the Chicago area, and northwest Illinois. This area is consistent with 
observed high chlordane concentrations in clusters 2, 7, 9, and 11 (Figures 44 and 46). 
3.3.5.3 PAHs 
As background, recall that the PCA (Figure 43) grouped all the PAHs together on the 
second principal component, without any other compounds or meteorological variables. 
The PSCF and trajectory endpoint distributions for the PAHs are shown in Figures 63-66. 
The distributions of endpoint densities >25 per cell for the four compounds are similar, but there 
are some notable differences. Densities >25 per cell typically cover all of Wisconsin and the 
Upper Peninsula of Michigan, the western half to two-thirds of the Lower Peninsula of Michigan, 
and variable portions of northern Indiana, northern Illinois, and eastern Minnesota. For three of 
the four PAH compounds, an area of >25 endpoints per cell extends eastward from Lake 
Superior into Quebec. Examination of the trajectory plots in Figure 44 reveals that trajectories 
passed between Lake Huron and the border of Quebec (cluster 6), but not farther east. The 
anomalous area is likely an artifact of the smoothing process used in the Arc View contouring 
procedure. Such artifacts seem to occur near the eastern edge of the trajectory domain. 
The PSCF distributions of the PAHs show several similarities, although they may not be 
obvious at first glance. One similarity present for ACNE (Figure 63b), PHEN (Figure 64b) and 
PYRN (Figure 65b) is a roughly wedge-shaped area of high values stretching from southern 
Wisconsin or northern Illinois southward into Missouri. The northern end of this area overlaps 
the area of >25 endpoints per cell in northwestern Illinois and, for ACNE and PYRN, the 
corresponding small area in northeastern Missouri as well. The area includes population centers 
and industrial areas along the Mississippi River, but it seems more likely to be mostly a phantom 
source upwind of the Chicago area. This would be consistent with observed high concentrations 
of ACNE, PHEN, and PYRN in cluster 2 (Figures 44 and 47). 
A similar wedge-shaped area stretches south-southeastward from south-central Michigan 
for ACNE and PYRN, and for PHEN and CHRY it may be part of larger areas of high PSCF 
values stretching to the east and west, respectively. It is not a certainty, especially as none of the 
trajectory clusters appears to be consistent with the location of these high PSCF values (Figures 
44 and 47), but this could possibly be a phantom source caused by real sources in the Detroit 
area. 
Another similarity in the PSCF distributions of all four PAHs is a large block of high (at 
least 0.6) values to the northeast of Lake Huron. This block of high PSCF values is at least 
partially in a zone of endpoint densities >25, primarily associated with cluster 6, which is 
associated with only moderate concentrations. However, its presence with each PAH compound 
suggests another possible phantom source. A real source is not obvious, although the nickel 
smelters at Sudbury, or perhaps a large power plant, come to mind. 
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Figure 63a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
ACNE concentrations > median. 
Figure 63b. Distribution of PSCF values for 
gas-phase ACNE at Sleeping Bear. 
Figure 64a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
PHEN concentrations > median. 
Figure 64b. Distribution of PSCF values for 
gas-phase PHEN at Sleeping Bear. 
Figure 65a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
PYRN concentrations > median. 
Figure 65b. Distribution of PSCF values for 
gas-phase PYRN at Sleeping Bear. 
Figure 66a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sleeping Bear samples with gas-phase 
CHRY concentrations > median. 
Figure 66b. Distribution of PSCF values for 
gas-phase CHRY at Sleeping Bear. 
Another relatively common feature of the PSCF distributions of the four PAH compounds 
is a relatively diffuse area of high values over North Dakota (Figure 63b and 64b), sometimes 
stretching east across Minnesota and into Wisconsin (Figures 65b and 66b). For CHRY there is a 
similar but large area a bit to the south, across Wyoming, South Dakota, and Iowa. This area of 
high values is associated with low endpoint densities and, therefore, might simply be ignored. 
However, the fact that it is present in varying degrees for all four PAH compounds suggests it 
could be a phantom for some real source. What that source might be is not readily apparent, 
however. 
3.3.6 Summary Table 
A summary of the results for Sleeping Bear from PCA, cluster analysis, and the PSCF 
method is given in Table 7. 
3.4 Results for Sturgeon Point 
3.4.1 Principal Components Analysis 
The loadings table from a principal component analysis of the Sturgeon Point 
measurements is given in Figure 67. The three components shown explain 36%, 14%, and 14% 
of the variance, respectively, for a total of 64%. The first principal component explains 36% of 
the variance and has high loadings for total PCBs, all the PCB homologs, and the pesticides. 
Although not shown in Figure 67, separate analysis of the subset of data that includes the 
chlordane measurements showed that the three chlordane compounds also had moderate loadings 
on a principal component with characteristics very similar to this one. The first principal 
component also had a strong loading for mean temperature and a moderate loading for solar 
radiation. The PCB components at Eagle Harbor and Sleeping Bear had only moderate loadings 
on temperature and weak loadings at best for solar radiation. The PCB component at Sleeping 
Bear also included most of the pesticides, but the one at Eagle Harbor did not. 
The remaining two components at Sturgeon Point both showed moderate-to-high loadings 
for PAHs; component 2 emphasized the lighter compounds and component 3 emphasized the 
heavier ones, although there was considerable overlap. In component 2 the negative loading for 
mean wind speed connotes an inverse correlation between the lighter PAH concentrations and 
wind speed, or a tendency for high concentrations during stagnation conditions often associated 
with slow-moving high pressure systems. Component 3 had a negative loading for solar radiation 
and a moderate loading for east winds, possibly suggesting a wintertime regime with transport 
from the Buffalo area. 
There are similarities and differences in the PAH results from Sturgeon Point and the 
previous two sites examined. In all cases the PAH compounds were found to be almost entirely 
independent of the other pollutants examined, in the sense that only rarely were other pollutants 
found to have moderate loadings (and none with high loadings) on the PAH components. This 
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Table 7. Summary of Evidence for Source Locations and Mechanisms, Based on Sleeping Bear Data 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
Total PCBs PC#1 Moderate loading for T p=0.059 
CL-2 (3): se Wl, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se Wl, ne IL, sw Ip Ml, nw IN Phantoms suggest Chicago, 
Saginaw-Bay City-Midland Ml, 
plus unknown source nw of site 
Dichloro-PCBs PC#1:Moderate loading for T p=0.121 
CL-5 (3): up & Ip of Ml, Wl, nw Ont 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-2(3):seWI, IL, MO, AR 
ne IL, n IN, Ip Ml Phantoms suggest Chicago, 
Saginaw-Bay City-Midland Ml, 
Detroit, possibly Cleveland, Buffalo 
Tetrachloro-PCBs PC#1: Moderate loading for T p=0.120 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-2(3):seWI, IL, MO, AR 
se Wl, ne IL, sw Ip Ml, nw IN Phantoms suggest Chicago, 
Saginaw-Bay City-Midland Ml, 
plus unknown source nw of site 
Hexachloro-PCBs PC#1: Moderate loading for T p=0.080 
CL-2(3):se WI, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se WI, ne lL, s Ip Ml, n Ip Ml, nw IN Phantoms suggest Chicago, Detroit, 
Saginaw-Bay City-Midland Ml, 
plus unknown source nw of site 
Octachloro-PCBs PC#1: Moderate loading for T p=0.526 
CL-10 (4): Ip of Ml, se Wl, ne IL, n IN 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
ne IL, s Ip Ml, nw IN Phantoms suggest Chicago, Detroit, 
Saginaw-Bay City-Midland Ml, 
plus unknown source nw of site 
a-HCH PC#4:Moderate loading for T & 
E winds, Inv correl w WS 
p=0.143 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
Ip Ml, n IN Previous high-usage areas of the 
southeastern U.S. 
g-HCH PC#1: Moderate loading for T 
PC#4:Moderate loading for T & 
E winds, Inv correl w WS 
p=0.168 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
Ip Ml. n IN Previous high-usage areas of the 
southern U.S. 
Dieldrin PC#1: Moderate loading for T 
PC#3Moderate loading for T, 
strong for S winds 
p=0.002 
CL-2(3):se WI, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
Ip MI, n lN. se Wl, n IL 
Table 7. (concluded) 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF > 0.6 in areas of>25 endpoints/cell Other possible source locations 
DDT PC#1:Moderate loading for T p=0.289 
CL-2 (3): se Wl, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se Wl, ne IL, sw Ip Ml 
DDE PC#1 :Moderate loading for T 
PC#3:Moderate loading for T, 
strong for S winds 
p=0.081 
CL-10 (4): Ip of Ml, se Wl, ne IL, n IN 
CL-2 (3): se Wl, IL, MO, AR 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
se Wl, ne IL, s Ip Ml, n IN 
g-chlordane PC#3:Moderate loading for T, 
strong for S winds 
p=0.015 
CL-2(3):se WI, IL, MO, AR 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se Wl, ne IL, Ip Ml, n IN 
a-chlordane PC#3:Moderate loading for T, 
strong for S winds 
p=0.038 
CL-2 (3): se Wl, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
se WI, ne lL, Ip Ml, n IN 
HCB PC#1 :Moderate loading for T 
PC#4:Moderate loading for T & 
E winds, Inv correl w WS 
p=0.367 
CL-5 (3): up & Ip of Ml, Wl, nw Ont 
ne IL, sw Ip Ml Detroit area 
ACNE PC#2: No met p=0.179 
CL-7 (6): L&V, Wl, w lp of Ml, n IL 
CL-2 (3): se Wl, IL, MO, AR 
Scattered mostly small areas in sw Wl, nw IL, 
e up Ml, w&s Ip Ml 
Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
PHEN PC#2: No met p=0.209 
CL-2 (3): se Wl, IL, MO, AR 
Scattered mostly small areas In c Wl, n Ip Ml Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
PYRN PC#2: No met p=0.392 
CL-2 (3): se Wl, IL, MO, AR 
Scattered mostly small areas in wc Wl, nw IL, 
n Ip Ml, w&s Ip Ml, ec MN 
Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
CHRY PC#2: No met p=0.672 
CL-10 (4): Ip of Ml, se Wl, ne IL, n IN 
w Wl, c MN, ne lp MI Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
Note: See section 3.2.5 for definitions of all abbreviations. 
Figure 67. Principal components results for Sturgeon Point. Loadings shown are primarily 
those >0.40. The data set analyzed did not include the three chlordanes, so as to maximize 
the number of samples. Separate analyses on the subset of data including the chlordanes 
revealed that they occur on component 1, with other pesticides. Abbreviations for the 
variables are given in Tables 1-3. 
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suggests that the sources of the PAHs are independent, either in temporal emissions pattern or 
spatial location, from the other pollutants. At the two sites with more than one PAH component, 
the compounds appear to be partially separated by molecular weight. Wind directions were a 
factor only if there were multiple PAH components. At Eagle Harbor two components were 
associated with west winds and south winds, and at Sturgeon Point one of two components was 
associated with east winds. At Sleeping Bear there was only one PAH component and no wind 
direction dependence. 
3.4.2 Cluster Analysis of Back-Trajectories 
Results from a cluster analysis of back-trajectories from Sturgeon Point are given in 
Table 8. The descriptions of the cluster characteristics are subjective, and based on the ten 
trajectory clusters shown in Figure 68. 
Mean and median concentrations of pollutants by trajectory cluster are shown in Figures 
69-71 for PCBs, pesticides, and PAHs, respectively. Numbers of samples per cluster are 
relatively few, ranging from one to nine for the PCBs (Figure 69), pesticides (except one to eight 
for the three chlordane compounds) (Figure 70), and PAHs (Figure 71). 
Table 8. Summary of Back-Trajectory Clustering Results for Sturgeon Point 
Transport description 
Cluster No. of Direction of 
no. cases approach Speed 
1 28 SW high 
2 17 SW-NW low 
3 20 SW-NW high 
4 22 SE-SW high 
5 20 All low 
6 22 NW-NE low 
7 24 All mostly low 
8 19 N-NW high 
9 7 W-NW high 
10 11 E high 
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Figure 68. Back-trajectory clusters for Sturgeon Point, November 1991 - July 1994. 
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Figure 68. (concluded). 
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Figure 69. Mean and median concentrations of total PCBs and four homolog sums for 
10 back-trajectory clusters at Sturgeon Point. The error bar shown is the standard 
error of the mean (SEM). Numbers of trajectories (n) are shown for n < 10. The p-value is 
the probability that all clusters have the same median concentration, based on the non-
parametric Kruskal-Wallis test. 
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Figure 70. Mean and median concentrations of pesticides for 10 back-trajectory clusters at 
Sturgeon Point. The error bar is the standard error of the mean (SEM). Numbers of samples 
per cluster (n) for α-HCH also apply to the other compounds (except the three chlordanes) 
unless other values are shown. The n-values for the chlordanes are shown for γ-chlordane. 
The p-value is the probability that all clusters have the same median concentration, 
based on the Kruskal-Wallis test. 
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Figure 71. Mean and median concentrations of 8 PAHs for 10 back-trajectory clusters 
at Sturgeon Point. The error bar is the standard error of the mean (SEM). Numbers of 
samples per cluster (n) for ACNY also apply to the other compounds. The p-value is the 
probability that all clusters have the same median concentration, based on the Kruskal-Wallis test. 
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3.4.2.1. PCBs 
The Kruskal-Wallis p-values mostly suggest that the median values of given homolog 
groups in the various clusters are equal. Only the hexachloro-PCBs (p = 0.250) and the 
octachloro-PCBs (p = 0.169) had values <0.25. Nonetheless, the clusters with high median 
values of hexachloro- and octachloro-PCBs (clusters 7, 10, and 8) also tended to be the clusters 
with the highest median concentrations of total PCBs and the other homologs as well. 
Cluster 7 features low wind speeds and meandering winds passing over portions of 
western New York, northwestern Pennsylvania, northern Ohio, eastern Michigan, and 
southwestern Ontario. This type of trajectory appears to be associated with centers of high 
pressure and no strongly defined wind direction. Cluster 10 shows airflow from the east over New 
York and New England, with some trajectories extending back to the northwest into Quebec. 
These trajectories also would have passed over the Buffalo area. Cluster 8 shows back-
trajectories arriving in the region from the north and northwest, with close approach to the site 
from other directions; the industrial areas of Buffalo, Toronto, and Port Huron-Sarnia could 
possibly have contributed material to these samples. 
Based on the plots in Figure 69, only a few mean/median ratios were >2, except for 
clusters 1 and 3 of the octachloro-PCBs. We should probably not infer a great deal from this 
particular homolog group, which represents only a small fraction of the total PCBs, but it is 
interesting to note that clusters 1 and 3 point toward urban and industrial areas such as Cleveland 
and Detroit, which are likely to contain PCB sources. 
3.4.2.2 Pesticides 
Figure 70 shows mean and median concentrations by trajectory cluster for ten pesticides. 
Neither α- nor γ-HCH is likely to have significant differences in medians between clusters (p = 
0.43 and 0.62, respectively). The same is true for HCB (p = 0.80). For dieldrin the p-value 
(0.12) suggests the possibility of significant differences between clusters. The highest median 
concentrations occurred with clusters 1, 4, and 7. Figure 68 shows that cluster 1 includes 
transport across Ohio, Indiana, Kentucky, and Tennessee. The northern portion of this area 
includes important corn-growing areas of the Midwest, a known location of use of aldrin, which 
breaks down to dieldrin. Cluster 4 also indicates airflow over portions of Ohio, Pennsylvania, 
and the mid-Atlantic states. At least the Ohio portion of this area is likely to be a corn-growing 
region. Cluster 7, described above, features low wind speeds and meandering trajectories in areas 
surrounding the sampling site, conditions often associated with the buildup of all types of 
pollutants due to limited ventilation. 
The three chlordane compounds (Figure 70) had the lowest p-values of all the pesticides. 
For all three of these compounds, clusters 1 and 7 had the highest median concentrations, and 
clusters 4 and 8 were prominent as well. All four of these clusters have been described in 
connection with high concentrations of other pesticides. They point to both agricultural areas and 
urban/industrial centers. 
-103-
The three DDT compounds (Figure 70) had p-values only between 0.21 and 0.27, which 
is not especially strong evidence for differences in concentration between clusters, but again the 
highest median concentrations were observed with clusters 1, 4, and 7, which point to both 
agricultural and urban/industrial source areas. 
The HCB (Figure 70) shows little variation in either mean or median concentrations 
between clusters, and a p-value (0.80) that is consistent with a well-mixed global pollutant with 
no local sources. 
3.4.2.3 PAHs 
Figure 71 shows mean and median concentrations by trajectory cluster for eight PAHs. 
The probabilities of six of the eight compounds were <0.25, and for ACNY, FLAN, PYRN, and 
CHRY they were <0.05. Clusters 4, 5, 7, and 10 frequently had the highest concentrations. All 
except cluster 5 were described earlier. Cluster 5 appears to be another "light and variable wind" 
cluster. Approach to the Sturgeon Point site is from all directions, but most air parcels spent 
considerable time north of the border in Ontario. Buffalo and Toronto would likely contribute 
material to samples representing cluster 5. Clusters 4, 7, and 10 also point to urban and 
industrial areas such as Cleveland, Pittsburgh, Toronto, and Buffalo. 
3.4.3 Potential Source Contribution Function 
3.4.3.1 PCBs 
It is useful to recall that principal component analysis produced mostly high loadings for 
total PCBs and all the homolog groups on the first component, along with all of the pesticides, 
including the chlordane group. Temperature also had a high loading on this component, and 
solar radiation had a moderate loading. No other meteorological variables had loadings >0.40, 
including the wind directions. 
Figures 72-76 show results for the PCBs at Sturgeon Point. As pointed out earlier, we 
have the most confidence in stable PSCF results in areas of endpoint densities >25 per 1 x 1 
degree grid cell. 
Results for total PCBs appear in Figure 72. The area of >25 endpoints per cell (Figure 
72a) covers almost all of lower Michigan, Indiana, Kentucky, most of Ohio, the western half of 
Pennsylvania, western New York, and most of Ontario south and east of Sault Ste. Marie. The 
PSCF distribution for total PCBs is shown in Figure 72b. Areas of high PSCF values (>0.6) 
within the >25 endpoints per cell region were found in upstate New York, central Pennsylvania, 
and Kentucky. The area of PSCF values >0.6 in upstate New York may be a phantom source for 
the Buffalo/Niagara Falls industrial region. This is consistent with the high concentrations 
observed in cluster 10 (Figures 68 and 69). The large area of high values along the Atlantic 
Coast from New Jersey to Georgia is largely outside the area of >25 endpoints per cell, but it may 
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Figure 72a. Distribution of back-trajectory segment 
endpoints per 1 x 1 degree cell for Sturgeon Point samples 
with gas-phase total PCB concentrations > median. 
Figure 72b. Distribution of PSCF values for gas-phase total 
PCBs at Sturgeon Point. 
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be possible that at least the northern portion of that area might be a phantom source for some 
closer population or industrial region, perhaps Pittsburgh. Cluster 4 would support such a 
hypothesis, although the associated concentrations (Figures 68 and 69) are not among the highest 
cluster medians. 
There is another small area of PSCF values >0.6 north and northeast of Lake Huron, and 
it may be a part of a larger area that would include the higher values farther to the northwest, 
adjacent to Hudson Bay. Taken together, this may be a wedge-shaped phantom source area 
pointing to sources in the Hamilton and Toronto areas, which would be consistent with observed 
high concentrations in clusters 7 and 8. The area of PSCF >0.6 in Kentucky is also within the 
zone of endpoint densities >25 per cell, and with the higher values in the lower Mississippi River 
in Tennessee, Arkansas, Mississippi, and Louisiana may represent a phantom source for 
Cincinnati or other sources in Ohio. This would be consistent with the observation of moderately 
high PCB concentrations in cluster 1. 
Two other areas of high PSCF values are present well outside the zone of >25 endpoints 
per cell. These are present in eastern Kansas and Nebraska, and stretch from North Dakota into 
Manitoba. These are in areas of low endpoint densities and should perhaps just be ignored. 
However, the possibility also exists that one or both are phantom sources for some source area 
closer to the sampling site. 
The distributions of endpoint density and PSCF values for four PCB homolog groups are 
shown in Figures 73-76. The distributions of endpoint densities vary somewhat between the 
homolog groups, but they generally agree with those of total PCBs (Figure 72). The PSCF 
patterns also vary somewhat between homolog groups, but the various areas of high values can 
all be seen in the pattern of total PCBs, and their interpretations are the same. 
3.4.3.2 Pesticides 
Pesticides occurred only on principal component 1 (Figure 67), along with the PCBs, at 
Sturgeon Point. Temperature and solar radiation also had moderate-to-strong loadings on this 
component. 
The PSCF distributions and corresponding trajectory segment endpoint distributions for 
eight pesticides are shown in Figures 77-84. Overall, the areas covered by endpoint densities of 
>25 per cell are similar to those of total PCBs (Figure 72a), with some individual variations 
between pesticide compounds. 
As usual, the HCH isomers make an interesting comparison (Figures 77 and 78). The one 
similarity in PSCF values is that both have areas of high (>0.8) values along the Atlantic Coast in 
areas of low endpoint density; for α-HCH the area of high PSCF values extends farther north, 
into New England and the Canadian maritime provinces. Otherwise, the PSCF patterns of the 
two HCHs are quite different. 
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Figure 73a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
dichloro-PCB concentrations > median. 
Figure 73b. Distribution of PSCF values for 
gas-phase dichloro-PCBs at Sturgeon Point. 
Figure 74a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
tetrachloro-PCB concentrations > median. 
Figure 74b. Distribution of PSCF values for 
gas-phase tetrachloro-PCBs at Sturgeon Point. 
Figure 75a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
hexachloro-PCB concentrations > median. 
Figure 75b. Distribution of PSCF values for gas-
phase hexachloro-PCBs at Sturgeon Point. 
Figure 76a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
octachloro-PCB concentrations > median. 
Figure 76b. Distribution of PSCF values for 
gas-phase octachloro-PCBs at Sturgeon Point. 
Figure 77a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Sturgeon Point samples with gas-
phase α-HCH concentrations > median. 
Figure 77b. Distribution of PSCF values for 
gas-phase α-HCH at Sturgeon Point. 
Figure 78a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell 
for Sturgeon Point samples with gas-
phase γ-HCH concentrations > median. 
Figure 78b. Distribution of PSCF values for 
gas-phase γ-HCH at Sturgeon Point. 
Figure 79a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
dieldrin concentrations > median. 
Figure 79b. Distribution of PSCF values for 
gas-phase dieldrin at Sturgeon Point. 
Figure 80a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
HCB concentrations > median. 
Figure 80b. Distribution of PSCF values for 
gas-phase HCB at Sturgeon Point. 
Figure 81a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
DDT concentrations > median. 
Figure 81b. Distribution of PSCF values for 
gas-phase DDT at Sturgeon Point. 
Figure 82a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
DDE concentrations > median. 
Figure 82b. Distribution of PSCF values for 
gas-phase DDE at Sturgeon Point. 
Figure 83a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
γ-chlordane concentrations > median. 
Figure 83b. Distribution of PSCF values for 
gas-phase γ-chlordane at Sturgeon Point. 
Figure 84a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
α-chlordane concentrations > median. 
Figure 84b. Distribution of PSCF values for 
gas-phase α-chlordane at Sturgeon Point. 
For α-HCH, within the area of endpoint densities >25 per cell, there are areas of PSCF 
values of 0.6-0.8 located 1) east of Buffalo and down into Pennsylvania, 2) across southern Ohio 
and down into Kentucky, and 3) north of Georgian Bay, Lake Huron. Although the Kruskal-
Wallis probability for α-HCH (Figure 70) does not suggest significant differences in 
concentration between trajectory clusters, cluster 10, which consists mostly of trajectories 
approaching from upstate New York (Figure 68), has one of the two highest observed median 
concentrations. It is not clear what potential sources lie in this area, although the high values in 
the low endpoint density area of eastern Pennsylvania may represent Philadelphia. Neither is it 
clear what sources might be responsible for the 0.6-0.8 values in Ohio and Kentucky. The high 
values to the north of the Sturgeon Point site, and north of Lake Huron in Canada are supported 
by additional high values farther north, much like the wedge-shaped area seen for PCBs (Figure 
72b), so the urban- industrial area of Hamilton and Toronto might be the source. 
The PSCF pattern for γ-HCH, aside from the high values across southeast Pennsylvania, 
New Jersey, and Maryland, is very different from that of α-HCH. The Kruskal-Wallis probability 
for γ-HCH (Figure 70) does not suggest significant differences in concentration between 
trajectory clusters, but clusters 1, 7, and 9 show the highest median concentrations. Cluster 1 is 
consistent with the wedge of high PSCF values stretching from southeast Ohio along the Ohio 
and Mississippi Rivers. Clusters 7 and 9 are consistent with one or more lindane sources in 
Lower Michigan or even Upper Michigan or Wisconsin, which were suggested by results at 
Sleeping Bear and Eagle Harbor, respectively. The high PSCF values in southeast Pennsylvania 
could again be a phantom for emissions from residential use of lindane in the Pittsburgh area and 
the pattern in the Ohio and Mississippi Valleys could possibly be a phantom for such use in the 
Cincinnati area, but these are speculative. 
For dieldrin, the high PSCF values are mostly south of the Sturgeon Point sampling site. 
Values >0.6 are found within the area of endpoint densities of >25 per cell in western 
Pennsylvania, Ohio, Indiana, and Kentucky. Much of this area is planted in corn during the 
growing season, and dieldrin is a breakdown product of the herbicide aldrin, which was used 
heavily on corn some years ago. This area is consistent with the high median concentrations 
observed in trajectory clusters 1, 4, and 7 (Figures 68 and 70). The high PSCF values to the south 
and southwest of these likely source areas are likely to be phantom sources caused by the closer-
in source areas. The high PSCF values in low endpoint density locations in Kansas, Nebraska, 
Minnesota, North Dakota, and Manitoba are similar to those seen for PCBs (Figure 72b), but 
their cause, if there is one, is still not clear. 
Results for HCB are shown in Figure 80. The distribution of PSCF values has many of 
the same features seen for PCBs and some of the other pesticides, although the high values are 
mostly <0.8. Specifically, the areas of high values in upstate New York, north of Lake Huron, 
and in the lower Ohio Valley are all present, as are the areas of unknown origin in the plains 
states. The HCB is an industrial, as well as an agricultural chemical; so the potential sources in 
the Buffalo and Hamilton/Toronto areas, as well as the Ohio River valley, are not surprising. 
Results for DDT and its breakdown product DDE are given in Figures 81 and 82. The 
PSCF distributions are quite similar, except that DDT has higher PSCF values in eastern Ohio 
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and Pennsylvania and a little cluster of high values in Quebec. For DDE the high PSCF values 
are more extensive in the southeastern United States. High PSCF values (>0.6) for DDT are 
present with the area of >25 endpoints per cell in eastern Ohio and western Pennsylvania, 
stretching along the Ohio River to western Kentucky. Thus it appears that there are sources of 
DDT and other pesticides to the southeast (Pittsburgh?) and southwest (Cleveland or 
Cincinnati?) of the sampling site. Other high values beyond these areas, in areas of low endpoint 
density, are likely to be phantom sources caused by the presence of the closer-in sources. 
Additional areas of high PSCF values in areas of low endpoint density are present in Wisconsin 
(both DDT and DDE) and in Canada, from northwest Ontario into Saskatchewan. The locations 
of the high PSCF values in Canada are somewhat different from DDT and DDE, but this general 
area is present for most of the other pesticides also. However, the area of high values for DDT in 
Quebec is different from anything seen before. No sources are apparent for either of these areas 
of high PSCF values. 
Results for γ- and α-chlordane are presented in Figures 83 and 84. The distribution of 
endpoint densities >25 per cell in Figures 83a and 84a are similar to the other pesticides 
examined, except that coverage in Ontario is mostly limited to areas south of Georgian Bay. The 
PSCF distributions of the two compounds show many of the same features seen in the 
distributions of other pesticides and PCBs, which should not be surprising, considering that all of 
them occurred on the same principal component (Figure 67). Within the area of >25 endpoints 
per cell, PSCF values >0.6 for both compounds occur in southeast Michigan, western 
Pennsylvania, and most of Ohio, Indiana, and Kentucky. 
High values are also found beyond these locations, in areas of low endpoint density in the 
southeastern United States. For γ-chlordane, the area of high values in the southeast is a solid 
block of >0.8 values. For α-chlordane, however, two distinct areas of values >0.8 are present. 
These two areas are present in similar form in the PSCF distributions of most of the other 
pesticides examined. Assuming that these are really phantom sources caused by real sources 
somewhere between the sampling site and the area of high PSCF values, the implication is that 
there are common sources of PCBs and many of the pesticides somewhere to the southeast and 
southwest of Sturgeon Point. As we have seen before, the trajectory cluster results strongly 
support a source to the southwest, in that cluster 1 has the highest median concentrations of both 
γ- and α-chlordane. Cluster 4, which points to the southeast from Sturgeon Point, has the fourth 
highest median concentration, but its mean concentrations of both γ- and α-chlordane are about 
equal to those of cluster 1. 
3.4.3.3 PAHs 
To review, PCA identified two separate PAH components at Sturgeon Point. Component 
2 had moderate-to-high loadings on the lighter seven PAHs (except ANTH) and a negative 
correlation with wind speed; component 3 had moderate-to-high loadings for the seven heaviest 
PAHs (plus ACNE), had a weak loading for east winds and an inverse correlation with solar 
radiation. 
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The PSCF and trajectory endpoint distributions for the PAHs are shown in Figures 85-88. 
The distributions of endpoint densities >25 per cell for the four compounds are somewhat 
different from those of the PCBs and pesticides. For the PAHs, the southern limit of the area of 
>25 per cell is farther north, but it varies by compound. For ACNE and PHEN the area includes 
most of Indiana and Ohio and the northern portion of Kentucky; but for PYRN and CHRY the 
area is confined to the northern half of Ohio, portions of the northern third of Indiana, and one 
small area of northern Kentucky. For ACNE the area of >25 per cell also covers northeast Illinois 
and southeast Wisconsin. For the remaining three PAHs, not only are those areas not included, 
but portions of northwestern Indiana and southwest Michigan are also missing. The area of >25 
per cell also extends well into Canada, including a portion of southwest Quebec. Coverage in 
New York and Pennsylvania is about the same for all four compounds. 
The PSCF distributions for the four PAH compounds have many similarities. The most 
obvious feature is a large block of >0.8 values from the northeastern United States into the 
Canadian maritime provinces. In the case of PHEN (Figure 86b) and CHRY (Figure 88b), this 
area extends southward along the Atlantic Coast as far as South Carolina. Most of these areas 
are in regions with low endpoint densities. The northern area, at least, is very likely a phantom 
caused by PAH sources in the Buffalo/Niagara Falls area. The area is wedge-shaped, with its 
vertex near Buffalo in the zone of endpoint densities >25 per cell for all four compounds (the b 
portions of Figures 85-88). This assessment is also supported by the cluster analysis. The three 
highest median concentrations for all four PAH compounds are associated with clusters 5, 7, and 
10 (Figures 68 and 71). For three of the four compounds the Kruskal-Wallis probabilities were 
<0.06 that median concentrations were the same in all clusters. Cluster 10 includes mostly winds 
approaching the site from upstate New York, which would often include the Buffalo area. 
Clusters 5 and 7 both appear to contain mostly trajectories characterized by light and meandering 
winds; many, but not all, of these trajectories would have brought emissions from the 
Buffalo/Niagara Falls area to the Sturgeon Point sampling site. 
The area of high PSCF values along the south Atlantic Coast is similar to others that were 
seen with some of the pesticides and PCBs. Its origin is uncertain, but it appears, again, to be a 
phantom caused by a closer source, perhaps the Pittsburgh area. 
For ACNE (Figure 85b) and PHEN (Figure 86b) there is also an area of PSCF >0.6 within 
the zone of >25 endpoints per cell in southwest Ohio, southern Indiana, and northern Kentucky. 
This could be an indication of sources in the Cincinnati area, or it could be a phantom for closer 
sources, perhaps Cleveland or Columbus. Support from the cluster analysis is not so clear in this 
case. Cluster 1 would include most of the trajectories traversing this area, but only moderate 
concentrations of ACNE and PHEN are associated with cluster 1 (Figure 71). Several 
trajectories from cluster 7, which has some of the higher median concentrations of these two 
compounds, also traversed the area and might have contributed to the high PSCF values. 
For all four PAH compounds, there are PSCF values >0.6 in the zone of >25 endpoints 
per cell in Canada just north of Lake Huron, where the Sudbury smelters are located, and in some 
cases extending northward from there. 
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Figure 85a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
ACNE concentrations > median. 
Figure 85b. Distribution of PSCF values for gas-
phase ACNE at Sturgeon Point. 
Figure 86a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
PHEN concentrations > median. 
Figure 86b. Distribution of PSCF values for 
gas-phase PHEN at Sturgeon Point. 
Figure 87a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
PYRN concentrations > median. 
Figure 87b. Distribution of PSCF values for 
gas-phase PYRN at Sturgeon Point. 
Figure 88a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Sturgeon Point samples with gas-phase 
CHRY concentrations > median. 
Figure 88b. Distribution of PSCF values for 
gas-phase CHRY at Sturgeon Point. 
Another diffuse area of high PSCF values is present from northeast Kansas across eastern 
Nebraska, the eastern Dakotas, and up into Canada, for ACNE (Figure 85b), PHEN (Figure 86b), 
and PYRN (Figure 87b). This is also a familiar location for high PSCF values and, as usual, it is 
in an area of low endpoint density; its cause is unclear. 
3.4.4 Summary Table 
A summary of the results for Sturgeon Point from PCA, cluster analysis, and the PSCF 
method is given in Table 9. 
3.5 Results for Indiana Dunes 
3.5.1 Principal Components Analysis 
Figure 89 shows the loadings table from the principal component analysis of data from 
Indiana Dunes. The four components shown explain 75% of the variance. As usual, the first 
component (31% of the variance) had high loadings for total PCBs and the eight homolog 
groups. The first component also had moderate loadings for some of the pesticides. This 
component also had moderate loadings for temperature and solar radiation, but no other 
meteorological variables. As we have seen at other sites, the middle homolog groups had the 
highest loadings. 
The second component explains 22% of the variance and is the only PAH component 
with moderate-to-high loadings for all of the PAHs. Wind speed had a moderate negative 
loading, denoting an inverse relationship to the concentrations of PAHs. There was also a 
moderate loading for γ-HCH, which also has moderate loadings on two of the other three 
components, suggesting possible multiple dieldrin source areas affecting the Indiana Dunes site. 
The third component (Figure 89) explains 10% of the variance. This component is 
unusual in that only a single pollutant (DDD, a breakdown product of DDT) had a loading high 
enough to plot. The DDD concentrations were positively correlated with winds from the north 
and east, and were inversely correlated with south winds. 
The fourth component explains 12% of the variance. It has moderate loadings for all the 
pesticides except DDD, and it is associated with east winds and weakly with mean temperature. 
This is the component in which the chlordane compounds occurred when a PCA was run on the 
subset of samples with completed chlordane analyses. A very similar pesticide/east wind 
component was found at Sleeping Bear. 
3.5.2 Cluster Analysis of Back-Trajectories 
Trajectory clustering results for Indiana Dunes appear in Table 10. The descriptions in 
the table are subjective and are based on trajectory clusters plotted in Figure 90. As at the 
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Table 9. Summary of Evidence for Source Locations and Mechanisms, Based on Sturgeon Point Data 
Evidence from PSCF results 
Source locations supported by 
Pollutant Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
Total PCBs PC#1 :Strong loading for T, p=0.745 Upstate NY (Buffalo?), w PA (Pittsburgh?), KY Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-10 (4): NY, New England, Que. Cincinnati, and Hamilton or Toronto 
Dichloro-PCBs PC#1 :Sfrong loading for T, 
mod loading for SolRad 
p=0.877 
CL-10 (4): NY, New England, Que. 
Upstate NY (Buffalo?), w PA (Pittsburgh?), KY Phantom suggests Pittsburgh 
Tetrachloro-PCBs PC#1 :Strong loading for T, p=0.552 Upstate NY (Buffalo?), w PA (Pittsburgh?), KY Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-10 (4): NY, New England, Que. Cincinnati, and Hamilton or Toronto 
Hexachloro-PCBs PC#1 :Strong loading for T, p=0.250 Upstate NY (Buffalo?), w PA (Pittsburgh?), Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-10 (4): NY, New England, Que. 
CL-8 (5): w NY, nw PA, n Ip Ml, up Ml, 
Ontario 
Ohio Valley Cincinnati, and Hamilton or Toronto 
Octachloro-PCBs PC#1 :Strong loading for T, p=0.169 Upstate NY (Buffalo?), w PA (Pittsburgh?), KY Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
Cincinnati 
a-HCH PC#1 :Strong loading for T, p=0.428 w NY (Buffalo?), s OH, e KY, Ont n of Georgian Phantom suggests Hamilton/Toronto, 
mod loading for SolRad CL-4 (6): ne OH, w PA, MD, e VA, e NC Bay perhaps Philadelphia 
g-HCH PC#1 :Strong loading for T, p=0.616 Ml, Ohio Valley, c & w PA Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-1 (9): nw PA, OH, IN, KY, TN Cincinnati 
Dieldrin PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.119 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
w PA, se Ip Ml, OH, IN, KY (corn belt) 
DDT PC#1 :Strong loading for T, p=0.270 w PA (Pittsburgh?), e OH, Ohio Valley Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-1 (9): nw PA, OH, IN, KY, TN • 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
Cleveland or Cincinnati, possible 
unknown source(s) to the nw of the 
sampling site (Michigan?). 
Table 9. (concluded) 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
DDE PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.210 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-1 (9): nw PA, OH, IN, KY, TN 
Ohio Valley, se Ip Ml Phantom suggests source to nw, 
possibly in Michigan 
g-chlordane PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.015 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
se lp Ml, w PA, OH, IN, KY 
a-chlordane PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.081 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
se Ip Ml, n Ip Ml, w PA, OH, IN, KY 
HCB PC#1:Strong loading for T, 
mod loading for SolRad 
p=0.796 
Little variation between clusters 
Upstate NY (Buffalo?), Ohio Valley Phantom suggests Hamilton/Toronto 
ACNE PC#2: Inv correl with WS p=0.548 
CL-5 (7): L&V, Ontario, w NY, sw Que 
w NY (Buffalo), sw OH, se IN, e KY, 
' Ontario n of Georgian Bay (Sudbury?) 
Phantom suggests Buffalo, perhaps 
Hamilton/Toronto as well. 
PHEN PC#2: Inv correl with WS 
PC#4: Weak loading for E 
winds, Inv correl with SolRad 
p=0.056 
CL-10 (4): NY, New England, Que. 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
w NY (Buffalo), sw OH, se IN, e KY, 
' Ontario n of Georgian Bay (Sudbury?) 
Phantom suggests Buffalo, perhaps 
Hamilton/Toronto as well. 
PYRN PC#2: Inv correl with WS 
PC#4: Weak loading for E 
winds, Inv correl with SolRad 
p=0.025 
CL-10 (4): NY, New England, Que. 
w NY (Buffalo), Ontario n of Georgian Bay 
' (Sudbury?) 
Phantom suggests Buffalo, perhaps 
Hamilton/Toronto as well. 
CHRY PC#4: Weak loading for E 
winds, Inv correl with SolRad 
p=0.037 
CL-10 (4): NY, New England, Que. 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
w NY (Buffalo), Ontario n of Georgian Bay 
' (Sudbury?) 
Phantom suggests Buffalo, perhaps 
Hamilton/Toronto as well. 
Note: See section 3.2.5 for definitions of all abbreviations. 
Figure 89. Principal components results for Indiana Dunes. Loadings shown are 
primarily those >0.40. The data set analyzed did not include the three chlordanes, 
so as to maximize the number of samples. Separate analyses on the subset of data 
including the chlordanes revealed that they occur on component 4, with other 
pesticides, and not on components 1 or 3. Abbreviations for the variables 
are given in Tables 1-3. 
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sampling sites discussed previously, each sample was assigned to only one cluster; or, if the three 
trajectories associated with a sample were all in different clusters, the sample was not assigned to 
any cluster. This procedure reduced the sample size from 43 to 41, which is an average of less 
than five samples per cluster in nine clusters. 
Mean and median concentrations of total PCBs and PCB homologs are plotted by 
trajectory cluster in Figure 91, which also gives Kruskal-Wallis probabilities that all the medians 
are equal. Except for the hexachloro-PCB homolog sum, the probabilities are all <0.25, inviting 
examination of the clusters in which the highest median concentrations occurred. As shown in 
Figure 91, the actual number of samples per cluster ranged from 2 to 13. To repeat an earlier 
caution, these numbers are clearly fewer than desirable, and confirmation by other techniques is 
needed before conclusions can be drawn about source regions. 
In general, there are few large differences between means and medians in Figure 91. In 
cluster 7, the mean exceeded the median concentration by several times for total PCBs and for all 
the homolog groups except the octachloro-PCBs. Cluster 7 had one of the lower median 
concentrations, however, so this may or may not be significant. 
For total PCBs, the highest mean and median concentrations were associated with 
clusters 8, 2, 5, and 4, in decreasing order. The same order of clusters by concentration occurred 
for the dichloro-, tetrachloro-, and hexachloro-PCBs. For the octachloro-group, the top three 
clusters 
Table 10. Summary of Back-Trajectory Clustering Results for Indiana Dunes 
Transport description 
Cluster No. of Direction of 
no. cases approach Speed 
1 22 SW-NW low 
2 9 SW-NW high 
3 12 W-NW high 
4 6 W-NW low 
5 35 All low 
6 14 NE-SE low 
7 10 NW-N high 
8 6 SE high 
9 14 sw high 
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Figure 90. Back-trajectory clusters for Indiana Dunes, 
November 1992 - October 1995. 
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Figure 90. (concluded). 
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Figure 91. Mean and median concentrations of total PCBs and four homolog sums for 
9 back-trajectory clusters at Indiana Dunes. The error bar is the standard error of the 
mean (SEM). Numbers of samples per cluster (n) shown for total PCBs also apply 
to the homolog groups. The p-value is the probability that all clusters have the same 
median concentration, based on the nonparametric Kruskal-Wallis test. 
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were the same, but their order was different; the median concentration for cluster 2 was about 
double that of the next highest cluster. 
The six trajectories (two samples) of cluster 8 (Figure 90) were all in the southeastern 
United States four days before arrival at Indiana Dunes. The nine trajectories (two samples) of 
cluster 2 were located in the high plains or in western states four days earlier, but their close-in 
approach to the sampling site was from directions ranging from south through west around to 
north-northeast. Cluster 5 (35 trajectories, 13 samples) was another light and variable wind 
cluster, with air parcels spending considerable time either over Illinois or Wisconsin and 
Michigan. The trajectories of cluster 4 (six trajectories, 2 samples) were in Minnesota, the 
Dakotas, or Canada four days prior to arrival, and most would have crossed the Chicago 
industrial region before arriving at the Indiana Dunes. 
This information does not make a strong case for any particular source areas for PCBs at 
the Indiana Dunes site. There were only two samples each in three of the four clusters with the 
highest median concentrations, and the trajectories in these clusters point in many different 
directions. Recall that the concentrations of total PCBs as well as most of the homolog groups at 
the Indiana Dunes site were the second highest measured (Figure 8). Only the nearby IIT site in 
Chicago measured higher concentrations. Thus, it is likely that the sources of PCBs to the 
Indiana Dunes site are relatively local, within the Chicago/Northwest Indiana metropolitan area. 
In such cases the back-trajectories would not be expected to be very helpful in identifying source 
areas. 
Mean and median concentrations of ten pesticides are plotted by trajectory cluster in 
Figure 92, which also gives Kruskal-Wallis probabilities that all the medians are equal. Seven of 
the ten probabilities were <0.25, and four of those (dieldrin and the three chlordane compounds) 
were significant at 2% (p <0.02). The actual number of samples per cluster ranged from 2 to 13, 
clearly fewer than needed to draw firm conclusions about source regions from these analyses 
alone. Among all of the pesticides, there were only a few compounds (mostly among the 
chlordane and DDT groups) and clusters in which mean concentrations exceeded medians by 
more than a factor of two. 
Among the two HCH compounds, only α-HCH had a p-value <0.25. Two clusters, 2 and 
8, had median α-HCH concentrations clearly higher than the others, but each value was based on 
only two samples. Although less likely to have significant differences between clusters, median 
concentrations of γ-HCH were highest in these same two clusters, along with cluster 4 (also 
based on only two samples). These three trajectory clusters were described earlier. Cluster 2 
points generally to the west, cluster 4 points to the northwest, and cluster 8 points to the 
southeast (Figure 90). Clusters 2 and 4 clearly have the potential of bringing materials from the 
Chicago area to the Indiana Dunes. Cluster 8 may bring lindane (γ-HCH) and its breakdown 
product α-HCH from the southeastern United States, where lindane has been used on fruit and 
nut trees (Majewski and Capel, 1995) 
The concentration vs. cluster patterns for dieldrin and the three chlordane compounds 
(Figure 92) are very similar. In each case, the highest concentrations were observed in cluster 2 
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Figure 92. Mean and median concentrations of pesticides for 9 back-trajectory clusters 
at Indiana Dunes. The error bar is the standard error of the mean (SEM). Numbers of samples 
per cluster (n) shown for α-HCH also apply to the other compounds (except the three chlordanes) 
unless other values are shown. The n-values for the chlordanes are shown for γ-chlordane. 
The p-value is the probability that all clusters have the same median concentration, 
based on the Kruskal-Wallis test. 
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(two samples; and, as indicated by the length of the error bar, only one had a high value), and the 
next highest, at about half the high value, were in cluster 8 (two samples). Cluster 2, along with 
the observed high concentrations in the Chicago area (Figure 8) suggest an urban source. Cluster 
8 may suggest a source in the Midwest or southeastern United States, or it may simply reflect 
higher-temperature situations when vaporization from the particle-bound state raises 
concentrations. 
The three DDT-group compounds also had their highest median concentrations in clusters 
2 and 8, although DDE had the only p-value (0.192) that suggested any possibility that the 
clusters did not all have equal median concentrations. 
The highest HCB median concentration was also in cluster 8. Otherwise the 
concentrations in the various clusters were much the same, as expected for this persistent well-
mixed global pollutant. 
Figure 93 shows mean and median concentrations of eight PAHs by cluster and gives 
Kruskal-Wallis probabilities that median concentrations in the various clusters are equal. 
Numbers of samples per cluster vary from zero to six, probably too few to provide any meaningful 
information. Only one compound had a p-value <0.25 (anthracene, p = 0.216). Cluster 7 (two 
samples) had the highest median concentration in six of the eight PAH compounds. The 
trajectories in cluster 7 came from the north or northwest, which is consistent with industrial or 
vehicular sources in the Chicago-Gary area. 
3.5.3 Potential Source Contribution Function 
3.5.3.1 PCBs 
For background, we note that, again, the PCBs occurred on principal component 1, along 
with several pesticides and one PAH compound. Temperature and solar radiation also had 
moderate loadings. 
Distributions of PSCF values and endpoint densities for the PCBs are shown in Figures 
94-98. As usual, our focus is on areas with endpoint densities >25 per cell, because we can be 
most confident that these results will be meaningful. 
Results for total PCBs are shown in Figure 94. Endpoint densities of >25 per cell cover 
all of Illinois plus portions of most adjacent states and portions of Michigan and Minnesota 
(Figure 94a). The PSCF distribution is shown in Figure 94b. Areas of PSCF values >0.6 within 
the zone of endpoint densities >25 occur in central and southern Indiana and Illinois and in 
Wisconsin and Minnesota. The latter area is very likely a phantom source for the Chicago area, 
which is a large nearby source in the same direction. The cluster plots (Figure 90) and the plots 
of concentrations by cluster (Figure 91) provide support for the Chicago area source in that 
clusters 2 and 4 are among the top four median concentrations, and both clusters contain some 
-128-
Figure 93. Mean and median concentrations of 8 PAHs for 9 back-trajectory clusters 
at Indiana Dunes. The error bar shown is the standard error of the mean (SEM). Numbers of 
samples per cluster (n) shown for ACNY apply to the other compounds also. The p-value is 
the probability that all clusters have the same median concentration, 
based on the Kruskal-Wallis test. 
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Figure 94a. Distribution of back-trajectory segment 
endpoints per 1 x 1 degree cell for Indiana Dunes samples 
with gas-phase total PCBs concentrations > median. 
Figure 94b. Distribution of PSCF values for gas-
phase total PCBs at Indiana Dunes. 
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trajectories that point from the Indiana Dunes sampling site back across Chicago into Wisconsin 
and Minnesota. 
The source in southern Illinois or Indiana is not as obvious; but, whatever it is, it appears 
to be the cause of the phantom source indicated by the high PSCF values in the deep south. 
Clusters 5 and 8 have trajectories that traverse the area, and both have high median 
concentrations. 
Another wedge-shaped area to the north-northeast of the Indiana Dunes sampling site is 
primarily beyond the area of >25 endpoints per cell, but it also signals a substantial source of 
PCBs, probably in Lower Michigan and possibly the pulp mill at Muskegon. Cluster 5 also has 
several trajectories that could have brought PCBs to the Indiana Dunes from this area. Other 
areas of high PSCF values in the western states are in areas of very low endpoint density and may 
be discounted. 
These same features are also present to a greater or lesser degree in the PSCF 
distributions of the four homolog groups (the b portion of Figures 95 - 98). 
3.5.3.2 Pesticides 
Recall that PCA grouped the pesticides primarily on component 1, with the PCBs, and 
positively correlated with temperature and solar radiation; and on component 4, in which it was 
weakly correlated with temperature, and more strongly correlated with east winds. However, the 
other two components also had pesticides with moderate loadings. Component 2 (mostly PAHs) 
has a moderate loading for lindane also. Component 3 has only one pollutant with at least a weak 
loading-DDD, correlated with north and east winds. 
The PSCF distributions and trajectory segment endpoint distributions for eight pesticides 
are shown in Figures 99-106. The distributions of endpoint densities >25 per cell (the a portion 
of Figures 99-106) are all rather similar. They cover almost all of Illinois, the northwest half of 
Indiana, the southwest half of lower Michigan, the southern half of Wisconsin, a variable fraction 
of eastern Iowa, and the eastern half of Missouri. 
The PSCF distributions for α- and γ-HCH are shown in Figures 99b and 100b. There are 
some important similarities and differences. High (>0.6) values of the PSCF within the area of 
>25 endpoints per cell for α-HCH (Figure 99b) are found in central Indiana, and values >0.8 
extend southward and southeastward from there into areas of low endpoint density. The source is 
not obvious, but it possibly could be past household use of lindane in the Indianapolis area. 
Cluster 8 had trajectories in this area, and it had the highest mean and median concentrations of α-
HCH (but only two samples). Another possibility is transport from areas of high former usage in 
the southeastern United States (Majewski and Capel, 1995). 
Another area of PSCF >0.6 for α-HCH in the >25 endpoints per cell area is in southern 
Illinois and Missouri, and the southward extension of this area reached higher PSCF values in an 
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Figure 95a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
dichloro-PCBs concentrations > median. 
Figure 95b. Distribution of PSCF values for 
gas-phase dichloro-PCBs at Indiana Dunes. 
Figure 96a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
tetrachloro-PCBs concentrations > median. 
Figure 96b. Distribution of PSCF values for 
gas-phase tetrachloro-PCBs at Indiana Dunes. 
Figure 97a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
hexachloro-PCBs concentrations > median. 
Figure 97b. Distribution of PSCF values for 
gas-phase hexachloro-PCBs at Indiana Dunes. 
Figure 98a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
octachloro-PCBs concentrations > median. 
Figure 98b. Distribution of PSCF values for 
gas-phase octachloro-PCBs at Indiana Dunes. 
Figure 99a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
α-HCH concentrations > median. 
Figure 99b. Distribution of PSCF values for 
gas-phase α-HCH at Indiana Dunes. 
Figure 100a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
γ-HCH concentrations > median. 
Figure 100b. Distribution of PSCF values for 
gas-phase γ-HCH at Indiana Dunes. 
Figure 101a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
dieldrin concentrations > median. 
Figure 101b. Distribution of PSCF values for 
gas-phase dieldrin at Indiana Dunes. 
Figure 102a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
HCB concentrations > median. 
Figure 102b. Distribution of PSCF values for 
gas-phase HCB at Indiana Dunes. 
Figure 103a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase DDT 
concentrations > median. 
Figure 103b. Distribution of PSCF values for 
gas-phase DDT at Indiana Dunes. 
Figure 104a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
DDE concentrations > median. 
Figure 104b. Distribution of PSCF values for 
gas-phase DDE at Indiana Dunes. 
Figure 105a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
γ-chlordane concentrations > median. 
Figure 105b. Distribution of PSCF values for 
gas-phase γ-chlordane at Indiana Dunes. 
Figure 106a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Indiana Dunes samples with gas-phase 
α-chlordane concentrations > median. 
Figure 106b. Distribution of PSCF values for 
gas-phase α-chlordane at Indiana Dunes. 
area of low endpoint density in Arkansas, Texas, and Louisiana (Figure 99b). No source in 
Illinois or Missouri is apparent as an explanation for this area of higher PSCF, but transport from 
the Gulf states is a possibility because of their past history of usage (Majewski and Capel, 1995). 
There is also one small area of high PSCF values in the northwest Lower Peninsula of Michigan, 
and this area appears to be a possible vertex of a wedge-shaped area to the north. The other 
extensive areas of high PSCF values are all in areas of low endpoint density in the western states 
and in the eastern United States and Canada. 
The PSCF distribution for γ-HCH is shown in Figure 100b. The same features with high 
PSCF values in Indiana, southwestern Illinois, and Missouri, and their extensions into areas of low 
endpoint density, may be identified here, although the gap in Mississippi and Alabama between the 
high values seen in Figure 99b has been filled in here. The most interesting feature of the PSCF 
map for γ-HCH is the wedge of values >0.8 extending north-northeastward from west-central 
lower Michigan. The same feature is present, but it is much weaker, for α-HCH in Figure 99b. 
The strong signal for γ-HCH accompanied by a weak signal for α-HCH is an indication of a fresh 
source of lindane. The location agrees quite closely with a source to the east of the Sleeping Bear 
site, identified earlier. Note, however, that observed concentrations in the relevant trajectory 
clusters (5 and 6) are only average. 
There appears to be a parallel, but separate, wedge-shaped area in northeastern Wisconsin 
(Figure 100b). This may simply be an extension of the area of high PSCF values with its vertex in 
lower Michigan, but the gap between them appears to be substantial enough to suggest separate 
causes. A separate source would be consistent with the indications from Eagle Harbor of a source 
in upper Michigan or northern Wisconsin. Use of lindane on Christmas trees is a possible source 
in northern areas of both Wisconsin and Michigan. However, there is little support from the 
trajectory cluster analyses for such a source. 
Figure 101 shows results for dieldrin. Within the zone of >25 endpoints per cell, PSCF 
values >0.6 occur in lower Michigan, most of Indiana, the southeast half of Illinois, and southeast 
Missouri. The lower portions of this area are definitely in the Corn Belt, which was indicated 
previously as a source of dieldrin as a breakdown product of aldrin, a previously used corn 
herbicide. However, there are no indications of sources from western sections of the Corn Belt, 
such as western Illinois and Iowa. The usual areas of high PSCF values are also present in areas 
of low endpoint density in the western United States, in the south and southeastern United States 
from Texas to Maryland, and northward into eastern Ontario. Many of these areas in the 
southern and eastern United States saw previous use of dieldrin or aldrin (Majewski and Capel, 
1995), so transport from areas of previous use is a possibility. However, because of the low 
endpoint densities and associated anomalies in the PSCF distribution caused by the smoothing 
techniques, the associated uncertainty is high. The high PSCF values in Indiana and southward 
from there are consistent with the relatively high concentrations seen in cluster 8 (Figures 90 and 
92). However, cluster 2, which has the highest median concentration, may simply be transporting 
air from Chicago, where high ambient concentrations were observed (Figure 9). Note, however, 
that only two samples were associated with each of these clusters. 
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Results for HCB are shown in Figure 102. Within the area of endpoint density >25 per 
cell, PSCF values >0.6 occur in western lower Michigan and most of Indiana. In areas of low 
endpoint density, the usual areas of high, but low-confidence, PSCF values are present in the 
western, southern, and southeastern states. In addition, a wedge-shaped area is present north-
northeast of Sault Ste. Marie, suggesting a possible source in the Upper Peninsula or northern 
Lower Peninsula of Michigan. The cluster analyses are somewhat supportive of such a source, 
because cluster 6 (six samples) (Figures 90 and 92) has one of the higher median concentrations 
of HCB. 
Results for DDT and DDE are shown in Figures 103 and 104. Their PSCF patterns are 
similar, except that DDE is missing the large area of high values between North Carolina and 
eastern Ontario and Quebec. Within the area of >25 endpoints per cell, DDT has PSCF values 
>0.6 in northern Indiana and lower Michigan. Similar values are present in western lower 
Michigan for DDE. 
Considering the patterns of both DDT and DDE, it appears that there are two phantoms 
for these two compounds that are much like those for lindane (Figure 100b). One wedge of >0.6 
values extends to the north-northwest from east-central Wisconsin, and into low endpoint density 
areas of western Lake Superior and northeastern Minnesota. This phantom may reflect sources in 
Chicago or Wisconsin. Similarly, both compounds show PSCF values >0.6 in wedge-shaped 
areas of low endpoint density extending north-northeastward from around Sault Ste. Marie. Both 
DDT and DDE have moderate loadings on the fourth principal component (Figure 89), which 
shows a moderate-to-high correlation with east winds, in agreement with the high PSCF values 
to the east in Indiana and southern lower Michigan. However, these potential source areas don't 
have much support from the clusters (Figures 90 and 92), which show highest concentrations in 
air approaching from the west-northwest over Chicago (cluster 2) and from downstate Indiana 
(cluster 8). 
Figures 105 and 106 show results for γ- and α-chlordane. Their PSCF distributions are 
very similar to each other and to those of DDT, dieldrin, and α-HCH. This is as expected, 
because all appear on component 4 (Figure 89). The PSCF values >0.6 in Indiana and lower 
Michigan within the zone of >25 endpoints per cell appear to indicate sources in those areas. 
However, the clusters (Figures 90 and 92) show that the air with the highest concentrations 
arrives from the Chicago area, where high ambient concentrations are observed (Figure 9). 
3.5.3.3 PAHs 
The number of samples for which PAH analyses were completed in time for this work 
was inadequate to permit PSCF analyses. 
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3.5.4 Summary Table 
A summary of the results for the Indiana Dunes site from PCA, cluster analysis, and the 
PSCF method is given in Table 11. 
3.6 Results for Illinois Institute of Technology 
3.6.1 Principal Components Analysis 
No PAH variables were included in the analyses because of the small number of samples 
with data available. 
Loadings from a PCA of the IIT data are shown in Figure 107. Two components explain 
71% of the variance. The first component explains 60% of the variance and includes mostly high 
loadings for all the PCB and pesticide variables except γ-HCH. Moderate-to-high loadings were 
also computed for temperature and solar radiation, and south winds appear with a weak loading. 
This component is very similar to the PCB and pesticide components found at other sites, except 
the loadings are uniformly higher. 
The second principal component explains 11% of the variance. It has a moderate loading 
for γ-HCH and moderate-to-strong loadings for north and east winds. The IIT site in Chicago is 
near Lake Michigan, so, although there is some chance that the source of the γ-HCH is between 
the site and the lake, it is more likely that the source is across the lake somewhere in lower 
Michigan, where evidence from other sites also suggests a source is located. 
3.6.2 Cluster Analysis of Back-Trajectories 
Results from cluster analysis of trajectories arriving at IIT are given in Table 12, which 
includes subjective descriptions of the clusters, based upon the ten cluster plots in Figure 108. It 
should be noted that this sampling site, which observed the highest median concentrations of 
nearly every pollutant, is likely to be influenced by relatively local sources; therefore, it is not 
certain that back-trajectory analysis based on upper air winds will be particularly enlightening. 
Figures 109 and 110 show mean and median concentrations of pollutants by cluster for 
PCBs and pesticides. The PAH data at IIT were too few to analyze. The number of samples per 
cluster are shown in Figures 109 and 110, and range from one to seven in both cases. 
3.6.2.1 PCBs 
The Kruskal-Wallis p-values are all less than 0.20, which indicates that, for total PCBs 
and each homolog group, there is less than a one in five chance that the cluster median 
concentrations within each group are all equal. For total PCBs and each homolog group in 
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Table 11. Summary of Evidence for Source Locations and Mechanisms, Based on Indiana Dunes Data 
Evidence from PSCF results 
Source locations supported by 
Pollutant Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/ce ' Other possible source locations 
Total PCBs PC#1: Mod loading for T and p=0.179 w WI, se IL Phantoms suggest Chicago, w Ip Ml, 
SolRad CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
CL-5 (13): L&V, IL, IN, sw Ip Ml, Wl 
unknown source to the south of site 
Dichloro-PCBs PC#1: Mod loading for T and p=0.042 c Wl, w Ip Ml, e IL, n IN Phantoms suggest Chicago, w Ip Ml, 
SolRad CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
unknown source to the s or se of site 
Tetrachloro-PCBs PC#1: Mod loading for T and p=0.135 Wl, w lp MI, e lL Phantoms suggest Chicago, w Ip Ml, 
SolRad CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
unknown source to the south of site 
Hexachloro-PCBs PC#1: Mod loading for T and p=0.375 WI, e MN, w lp MI Phantoms suggest Chicago, w Ip Ml, 
SolRad CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
unknown source to the south of site 
Octachloro-PCBs PC#1: Mod loading for T and p=0.128 c Wl, w Ip Ml, e IL, n IN Phantoms suggest Chicago, w Ip Ml, 
SolRad CL-2 (2): n IL, IA, MN, SD, NE 
CL-8 (2): IN, OH, e KY, e TN, GA 
unknown source to the s or se of site 
a-HCH PC#4: Mod loading for T & E winds p=0.176 
CL-8 (2): IN, OH, e KY, e TN, GA 
sw IL, se MO, c IN (Indianapolis?), nw Ip Ml Phantom suggests Ml n lower peninsula, 
possibly areas of previous use in se U.S. 
and Mississippi Delta area 
g-HCH PC#1: Mod loading for T & SolRad p=0.297 se MO, n IN, w lp MI, ne WI Phantoms suggests Ml w lower peninsula, 
PC#2: Inv correl with WS CL-8 (2): IN, OH, e KY, e TN, GA and ne Wl, and possibly areas of previous 
PC#4: Mod loading for T & E winds CL-2 (2): n IL, IA, MN, SD, NE 
CL-4(2):WI, MN 
use In se U.S. and Mississippi Delta. 
Dieldrin PC#1: Mod loading for T & SolRad 
PC#4: Mod loading for T & E winds 
p=0.015 
CL-2 (2): n IL, IA, MN, SD, NE 
Ip Ml, n IN, se IL, se MO Areas of previous use in s and se U.S. 
DDT PC#1: Mod loading for T & SolRad p=0.492 n IN, sw Ip MI Phantoms suggests Ml w lower peninsula, 
PC#4: Mod loading for T & E winds CL-8 (2): IN,-OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
or upper peninsula, and possibly Chicago 
Table 11. (concluded) 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 









PC#1: Mod loading for T & SolRad 
PC#4: Mod loading for T & E winds 
PC#4: Mod loading for T & E winds 
PC#4: Mod loading for T & E winds 
PC#1: Mod loading for T & SolRad 
PC#4: Mod loading for T & E winds 
PC#1: Mod loading for T & SolRad 
PC#2: Inv correl with WS 
PC#2: Inv correl with WS 
PC#2: Inv correl with WS 
PC#2: Inv correl with WS 
p=0.192 
CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
p=0.012 
CL-2 (2): n IL, IA, MN, SD, NE 
p=0.014 
CL-2 (2): n IL, IA, MN, SD, NE 
p=0.234 
CL-8 (2): IN, OH, e KY, e TN, GA 
p=0.681 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
p=0.708 
CL-4 (2): Wl, MN 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
p=0.945 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
p=0.317 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
w lp Ml, ec Wl, sw IL, se MO 
w lp Ml, se IL, se MO, n IN 
lp Ml, s IL, se MO, n IN 
n IN, w Ip MI 
Not enough samples for PSCF analysis 
Not enough samples for PSCF analysis 
Not enough samples for PSCF analysis 
Not enough samples for PSCF analysis 
Phantoms suggests Ml w lower peninsula, 
or upper peninsula, and possibly Chicago 
or east-central Wl 
Phantoms suggests Ml w lower peninsula 
or upper peninsula 
Phantoms suggests Ml w lower peninsula 
or upper peninsula 
Phantoms suggests Ml w lower peninsula 
or upper peninsula 
Note: See section 3.2.5 for definitions of all abbreviations. 
Figure 107. Principal components results for Illinois Institute of 
Technology. Loadings shown are primarily those >0.40. To 
maximize the number of valid samples, the data set analyzed 
did not include the PAH data, which were not all available. 
Abbreviations for the variables are given in Tables 1-3. 
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Table 12. Summary of Back-Trajectory Clustering Results 
for Illinois Institute of Technology 
Transport description 
Cluster No. of Direction of 
no. cases approach Speed 
1 13 N-E low 
2 7 NW-NE high 
3 6 W-N high 
4 15 All (N) low 
5 7 N high 
6 9 NW low 
7 9 SW-N low 
8 17 S-SW mostly low 
9 11 All-(SW) low 
10 6 SW-NW high 
Figure 109, cluster 10, which is represented by only a single sample, shows the highest median 
concentration. The trajectories in the cluster originated four days prior to arrival at IIT in the 
western United States or western Canada, but they approached the sampling site from directions 
ranging from southwest through north. 
The two clusters with the next highest median concentrations of total PCBs and each 
homolog group, except the dichloro-PCBs, are clusters 8 and 4, which contain seven and five 
samples, respectively (Figure 109). Figure 108 shows that trajectories in cluster 8 transported 
material across Missouri and Illinois and approached the sampling site mostly from the 
southwest. Air parcels originated four days prior to arrival as far away as the Gulf Coast. This 
would be a typical transport situation for a hot, sunny day in summer. Cluster 4 is another case 
of light winds, meandering mostly to the north of the sampling site over the four days prior to 
arrival, but approaching the sampling site from all points of the compass. 
Only two dichloro-PCB clusters in Figure 109 showed mean/median ratios >2. This is 
surprising if such ratios signal local sources, because the highest mean and median 
concentrations of almost every pollutant occurred at the Chicago (TIT) site, which suggests that 
the site is presumably affected primarily by local sources. 
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Figure 108. Back-trajectory clusters for Illinois Institute of Technology, 
March 1993 - January 1995. 
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Figure 108. (concluded). 
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Figure 109. Mean and median concentrations of total PCBs and four homolog sums for 10 
back-trajectory clusters at the Illinois Institute of Technology. The error bar is the standard 
error of the mean (SEM). Numbers of samples per cluster (n) for total PCBs also apply to 
the homolog groups. The p-value is the probability that all clusters have the same median 
concentration, based on the nonparametric Kruskal-Wallis test. 
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Figure 110. Mean and median concentrations of pesticides for 10 back-trajectory clusters at the 
Illinois Institute of Technology. The error bar is the standard error of the mean (SEM). Numbers of 
samples per cluster (n) for α-HCH also apply to the other compounds unless other values are 
shown. The p-value is the probability that all clusters have the same median concentration, 
based on the Kruskal-Wallis test. 
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3.6.2.2 Pesticides 
Figure 110 shows mean and median concentrations by trajectory cluster for ten pesticides. 
The Kruskal-Wallis probabilities that median concentrations of a given compound are the same in 
all clusters are all less than 0.20, except those of α-HCH and HCB. For almost every compound, 
the highest median concentration occurred in cluster 10 (described above), but these medians are 
from a sample of only one, so it is difficult to know how much importance to attach to this. 
Aside from cluster 10, the highest median concentrations of most compounds were 
observed in clusters 8 and 4, which were described previously. These observations are consistent 
with the principal components result that concentrations increase with temperature and south 
winds. They are also consistent with the well-known effects of light winds and stagnant weather 
conditions in increasing pollutant concentrations. 
The HCB concentrations vary little with trajectory cluster; and the p-value (0.36) does not 
suggest significant differences between clusters, in keeping with the concept of HCB as a well-
mixed global pollutant. This concept is also supported by the relatively small variations in mean 
and median concentrations between sampling sites (Figure 9). 
3.6.2.3 PAHs 
The PAH data at IIT were insufficient for analysis. 
3.6.3 Potential Source Contribution Function 
It is useful to repeat the caveat here regarding the potential usefulness of a technique that 
uses four-day back-trajectories to try to identify sources when high local concentrations make it 
likely that the important sources are somewhere in the local area. Although it seems unlikely to 
be useful in identifying distant sources under such conditions, the technique may still be useful in 
pointing out the direction of local sources from the sampling site. 
3.6.3.1 PCBs 
As at each of the other four sampling sites, principal component analysis placed total 
PCBs and all of the homolog groups on the same principal component. This usually means that 
the spatial distributions of their PSCF values are also very similar. This principal component also 
had a high loading for temperature, a moderate loading for solar radiation, and a weak loading for 
south winds. 
Figures 111-115 show results for PCBs at IIT. Results for total PCBs appear in Figure 
111. The area covered by >25 endpoints per cell (Figure 111a) includes most of Illinois, 
southeast Missouri, eastern Iowa, the southern half of Wisconsin, portions of the northern Lower 
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Figure 111a. Distribution of back-trajectory segment endpoints 
per 1 x 1 degree cell for Illinois Institute of Technology samples 
with gas-phase total PCBs concentrations > median. 
Figure 111b. Distribution of PSCF values for gas-phase total 
PCBs at Illinois Institute of Technology. 
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Figure 112a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with gas-
phase dichloro-PCBs concentrations > median. 
Figure 112b. Distribution of PSCF values for 
gas-phase dichloro-PCBs at Illinois Institute 
of Technology. 
Figure 113a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with gas-
phase tetrachloro-PCBs concentrations > median. 
Figure 113b. Distribution of PSCF values for 
gas-phase tetrachloro-PCBs at Illinois Institute 
of Technology. 
Figure 114a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for Illinois 
Institute of Technology samples with gas-phase 
hexachloro-PCBs concentrations > median. 
Figure 114b. Distribution of PSCF values for 
gas-phase hexachloro-PCBs at Illinois Institute 
of Technology. 
Figure 115a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for Illinois 
Institute of Technology samples with gas-phase 
octachloro-PCBs concentrations > median. 
Figure 115b. Distribution of PSCF values for 
gas-phase octachloro-PCBs at Illinois Institute 
of Technology. 
Peninsula of Michigan, and a small portion of northwest Indiana. The PSCF distribution is 
shown in Figure 111b. Within the area of >25 endpoints per cell, PSCF values >0.6 are found 
mostly in Illinois and Missouri. This area is consistent with the high concentrations observed in 
trajectory cluster 8 (Figures 108 and 109), and it seems reasonable that this area would be a 
source of revolatilized PCBs sampled at the HT site on warm, sunny summer days. 
In areas of low endpoints per cell, there are two major areas of high PSCF values. One is 
a triangular area from Wyoming to Arizona, across to Louisiana, and back to Wyoming. This is 
unlikely to be a true source; but, as with other indicated sources in the west, its cause is unclear. 
The area of high PSCF values in Saskatchewan and Manitoba is surely an anomaly also; it may 
be a phantom for a local source to the northwest of the sampling site in the Chicago area. 
Results for four PCB homolog groups are shown in Figures 112-115. Their distributions 
of endpoint densities are similar to those of total PCBs (Figure 111a), but they show some 
individuality, especially at their northern ends, where they may extend a little more or a little less 
into Michigan and Minnesota. The PSCF distributions of the homolog groups (the b portions of 
Figures 112 -115) show mostly the same features, but to a greater or lesser extent, as compared 
to that of total PCBs (Figure 111b). The tetrachloro-, hexachloro-, and octachloro-PCB groups 
especially emphasize the high PSCF values to the northwest of the sampling site. The wedge-
shaped areas are prominent and strongly suggest a local source of PCBs to the northwest of the 
IIT sampling site. The high concentrations observed with cluster 4, and possibly the single 
sample in cluster 10, are consistent with a source to the northwest of the sampling site, although 
the evidence from the back-trajectories would not necessarily restrict the source to the local 
Chicago area. 
3.6.3.2 Pesticides 
The principal component analysis found pesticides on the same component as PCBs, 
except for γ-HCH, which was the only pollutant variable on the only other component at IIT; it 
was associated with north and east winds. 
The PSCF results for the two HCH isomers are shown in Figures 116 and 117. Their 
endpoint distributions are similar to those of the PAHs and to each other, except that γ-HCH 
shows more area of >25 endpoints per cell in southern Illinois and Missouri. The PSCF 
distributions are also remarkably similar, which is somewhat surprising because only γ-HCH had 
a loading >0.40 (Figure 107). The loading for α-HCH on the second principal component was 
0.192, too small to show. The PSCF distributions also have the main features of those of the 
PCBs, with a major area of high values in the Great Plains and another across Wisconsin, the 
western Upper Peninsula of Michigan, the arrowhead of Minnesota, and into Ontario and 
Manitoba. This latter area may be the source to the north that accounts for the high loading on 
north winds in the second principal component. The southern end, but not the northern end, of 
the area of high PSCF values is consistent with the relatively high concentrations observed with 
cluster 4 (Figures 108 and 110). This area of high PSCF values, at least the portion of it in 
Wisconsin, appears to be consistent with the indication of a source in that area from the data at 
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Figure 116a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with 
gas-phase α-HCH concentrations > median. 
Figure 116b. Distribution of PSCF values for gas-
phase α-HCH at Illinois Institute of Technology. 
Figure 117a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with 
gas-phase γ-HCH concentrations > median. 
Figure 117b. Distribution of PSCF values for gas-
phase γ-HCH at Illinois Institute of Technology. 
Eagle Harbor. Another possibility, because it looks very similar to the feature in the PCB plots 
(Figures 111-115) is that it may be a phantom for a local source within the Chicago area. 
However; neither the high PSCF values in the plains nor the ones to the north can fully explain 
the finding of only γ-HCH on the second principal component. 
Figures 116b and 117b also show wedge-shaped areas of high PSCF values to the 
northeast of Chicago. For γ-HCH, the vertex is in northern Lake Huron. For α-HCH the area of 
high PSCF values is a bit larger and somewhat farther south, and the vertex is also a bit farther 
south, over Saginaw Bay. These areas appear to be phantom sources for both compounds. Of 
particular interest is the potential source area for γ-HCH, because the location indicated here 
agrees quite well with a lower Michigan location inferred from data at Sleeping Bear and Indiana 
Dunes. It is very interesting that the PSCF technique appears to be able to suggest locations for 
some sources even when corroborating evidence from cluster analysis is not found, as in this 
case. None of the clusters that had the highest concentrations of either HCH isomer suggested a 
source to the northeast of Chicago, yet a source in that direction was suggested both by PCA and 
by the PSCF technique. This confirms the value of a multiple-technique approach. 
The PSCF results for dieldrin at HT are shown in Figure 118. The distribution of >25 
endpoints per cell is very similar to those of the PCBs and HCHs. The distribution of PSCF 
values (Figure 118b) within the area of >25 endpoints per cell includes PSCF values >0.6 in 
Illinois and southeast Missouri, which is connected to the major area (of unknown significance) 
in the plains. The Dlinois and Missouri coverage is consistent with the relatively high 
concentrations observed in cluster 8, and it would appear to represent sunny, warm summer days 
when volatilization of semivolatile organic materials from their surface-bound form is 
maximized. A number of small areas of high PSCF values are present in northwest Ontario, near 
Sault Ste. Marie, between Saginaw Bay and the Buffalo area, and in western Ohio, all in the areas 
of low endpoint density. Their significance, if any, is not clear. 
Results for HCB are shown in Figure 119. The endpoint distribution is similar to those 
presented previously for this site, except that the >25 per cell area extends a bit farther into 
Minnesota than in other cases. The PSCF distribution is again dominated by the major area of 
uncertain significance in the plains. Within the area of >25 endpoints per cell, values of PSCF 
between 0.6 and 0.8 are present in Illinois, southwestern Wisconsin, and southeastern Minnesota. 
Although the Kruskal-Wallis probability (Figure 110) shows that differences between median 
concentrations in the various clusters are not very likely, the two clusters with the highest 
concentrations (clusters 8 and 4) are consistent with, perhaps, weak sources to the southwest and 
northwest of the sampling site. These sources may be local in the Chicago area, or farther afield; 
either would be consistent with the data. 
Results for DDT and DDE are shown in Figures 120 and 121. Endpoint distributions are 
much like those of other pollutants at the IIT site. The PSCF distributions are similar to each 
other, except for a large "hole" extending across Kansas, Oklahoma, and western Texas in the 
pattern of high values for DDT in the plains. Within the region of >25 endpoints per cell, PSCF 
values >0.6 are essentially limited to downstate Illinois, a feature that has been present for most 
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Figure 118a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with 
gas-phase dieldrin concentrations > median. 
Figure 118b. Distribution of PSCF values for 
gas-phase dieldrin at Illinois Institute of 
Technology. 
Figure 119a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with 
gas-phase HCB concentrations > median. 
Figure 119b. Distribution of PSCF values 
for gas-phase HCB at Illinois Institute of 
Technology. 
Figure 120a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with 
gas-phase DDT concentrations > median. 
Figure 120b. Distribution of PSCF values for 
gas-phase DDT at Illinois Institute of 
Technology. 
Figure 121a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with 
gas-phase DDE concentrations > median. 
Figure 121b. Distribution of PSCF values for 
gas-phase DDE at Illinois Institute of 
Technology. 
of the other pesticides examined, and which is consistent with relatively high concentrations 
associated with cluster 8 (discounting the single high sample in cluster 10) (Figures 108 and 
110). 
The PSCF distributions of both DDT and DDE also show two wedge-shaped areas (or 
maybe only one) to the north and the north-northwest of the sampling site. These areas are quite 
similar to ones seen in the PSCF distributions for DDT and DDE at the Indiana Dunes site 
(Figures 103 and 104), which would argue that they are not local sources in the Chicago area, 
which would have resulted in their appearance at different azimuth directions at the two sites. 
The PSCF results at Eagle Harbor (Figures 35 and 36) suggest sources in eastern Wisconsin for 
DDT and eastern Wisconsin or western Michigan for DDE. These locations are quite consistent 
with the results from Indiana Dunes and IIT. The results from Sleeping Bear also suggest source 
locations in southeastern Wisconsin or southwestern Michigan for DDT and DDE. 
Results for γ- and α-chlordane at ITT are shown in Figures 122 and 123. The distributions 
of endpoint densities remain the same as for the other pesticides. These compounds are 
consistent with most of the other pesticides in that their PSCF distributions show the triangular 
area of high values in the plains. The values >0.6 in Illinois and southeastern Missouri are also 
similar to those seen for the other pesticides, and they are consistent with the relatively high 
concentrations of cluster 8 (Figures 108 and 110). It also appears that the same wedge-shaped 
indications of sources to the north and to the north-northwest as were seen for DDT and DDE 
may be present for the chlordanes here also, although they are somewhat more diffuse and harder 
to see. The one to the north is somewhat more apparent than the one farther west. A source of 
the chlordanes in southwest Michigan is consistent with the PSCF results from Sleeping Bear 
(Figures 61 and 62) and from Indiana Dunes (Figures 105 and 106). There may also be some 
support from these sites for a chlordane source in eastern Wisconsin, but the evidence (the areas 
of PSCF >0.6 and their orientation) is much weaker in that case. 
3.6.3.3 PAHs 
The number of IIT samples for which PAH analyses were completed in time for this work 
was inadequate to permit PSCF analyses. 
3.6.4 Summary Table 
A summary table of the results for IIT from PCA, trajectory clustering, and the PSCF 
method is given in Table 13. 
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Figure 122a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
linois Institute of Technology samples with gas-
phase γ-chlordane concentrations > median. 
Figure 122b. Distribution of PSCF values for 
gas-phase γ-chlordane at Illinois Institute of 
Technology. 
Figure 123a. Distribution of back-trajectory 
segment endpoints per 1 x 1 degree cell for 
Illinois Institute of Technology samples with gas-
phase α-chlordane concentrations > median. 
Figure 123b. Distribution of PSCF values for 
gas-phase α-chlordane at Illinois Institute of 
Technology. 
Table 13. Summary of Evidence for Source Locations and Mechanisms, Based on IIT Data 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
Total PCBs PC#1: Strong loading for T, 
moderate for SolRad 
p=0.161 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO, small areas of w and n Ip Ml Source somewhere nw of sampling site? 
Dichloro-PCBs PC#1: Strong loading for T, 
moderate for SolRad 
p=0.184 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
IL, se MO, small area of n Ip Ml Source somewhere nw of sampling site? 
Tetrachloro-PCBs PC#1: Strong loading for T, 
moderate for SolRad 
p=0.174 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO, small areas of Wl and w and n Ip Ml Phantom suggests source to nw of site 
Hexachloro-PCBs PC#1: Strong loading for T, 
moderate for SolRad 
p=0.164 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO, small areas of Wl and w and n Ip Ml Phantom suggests source to nw of site 
Octachloro-PCBs PC#1: Strong loading for T, 
moderate for SolRad 
p=0.076 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO, Wl, c MN and w Ip Ml Wedge-shaped area suggests source to 
nw of site 
a-HCH PC#4: Strong loading for E winds, 
moderate for N winds 
p=0.324 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
Wl, small areas of n IL Wedge-shaped area suggests source to 
nw of site, also in Ip Ml 
g-HCH PC#1: Strong loading for T, 
moderate for SolRad 
p=0.167 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
Wl, small areas of n IL Wedge-shaped area suggests source to 
nw of site, also in Ip Ml 
Table 13. (concluded) 
Pollutant Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
Dieldrin PC#1: Strong loading for T, 
moderate for SolRad 
p=0.033 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO Small phantoms suggest sources in Ip Ml 
DDT PC#1: Strong loading for T, 
moderate for SolRad 
p=0.074 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
c IL, se MO, c Wl, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
DDE PC#1: Strong loading for T, 
moderate for SolRad 
p=0.067 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
c IL, se MO, Wl, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
g-chlordane PC#1: Strong loading for T, 
moderate for SolRad 
p=0.049 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
c IL, se MO, small areas of Wl, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
a-chlordane PC#1: Strong loading for T, 
moderate for SolRad 
p=0.041 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
c IL, se MO, sw Wl, ne IA, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
HCB PC#1: Strong loading for T, 
moderate for SolRad 
p=0.358 
Little variation between clusters 
IL, sw WI, se MN Phantom suggest possible source in Ip Ml 
ACNE Not enough data for analysis Not enough data for analysis Not enough data for analysis 
PHEN Not enough data for analysis Not enough data for analysis Not enough data for analysis 
PYRN Not enough data for analysis Not enough data for analysis Not enough data for analysis 
CHRY Not enough data for analysis Not enough data for analysis Not enough data for analysis 
Note: See section 3.2.5 for definitions of all abbreviations. 
3.7 Summary 
3.7.1 PCBs 
In this summary section, results for individual pollutant compounds or groups from each 
of the several sampling sites are combined in separate tables for each compound or group. The 
results from the various sites are compared and contrasted to identify both likely and possible 
source areas and to emphasize areas of agreement in the results from the various sites. The order 
of sites in the summary tables is the same as the order of presentation in this report-from the 
most remote to the most urban. 
Table 14 presents summary results for total PCBs. Results from PCA are listed in 
column 2. At each sampling site, the PCBs appeared on the first principal component, which 
explained the greatest amount of variance in each of the data sets. With rare exceptions, total 
PCBs and all of the individual PCB homolog groups appeared on the same principal component, 
and only on one principal component, suggesting a common source mechanism. The only two 
meteorological variables with loadings >0.40 were mean temperature and total daily solar 
radiation. Temperature appeared on the PCB component with a moderate or strong loading at the 
three most urban sites and a weak or moderate loading at the two most remote sites. Solar 
radiation appeared only at the three most urban sites, in each case with a moderate loading. Local 
surface wind direction was not an important factor anywhere. 
The tendency for higher loadings values for temperature at the most urban sites, and the 
occurrence of moderate loadings for solar radiation only at the most urban sites, suggest that the 
release of sorbed PCBs into the atmosphere under conditions of high temperatures and strong 
sunlight occurs primarily near urban and industrial source areas. This could imply that most of 
the sorbed PCBs are still located near their original source areas, perhaps leaking from landfills, 
which would explain why observed concentrations were highest at the IIT and Indiana Dunes 
sites. The weaker loadings for temperature at the more remote sites could indicate that, although 
temperature-modulated volatilization has an influence on concentrations at remote locations, that 
influence is limited because of their distance from the strongest volatilization sources. 
Evidence related to source locations from trajectory cluster analysis is listed in column 3 
of Table 14. Probabilities that median concentrations are equal in all clusters were less than 20% 
at four of the five sampling sites. Four of the five sites include at least one trajectory cluster with 
winds from the southeast through southwest among the highest concentrations. Similarly, four of 
the five sites also include one cluster that could be characterized as light and variable winds 
among the top concentrations. Winds with a southerly component are consistent with the finding 
that concentrations increase with temperature. Similarly, light and variable winds are consistent 
with increased concentrations caused by reduced ventilation of local emissions. 
The remaining two columns of Table 14 present evidence from the PSCF analysis. 
Column 4 lists source locations considered most likely because they are supported by PSCF 
values >0.6 in areas of >25 endpoints per cell. Column 5 lists other possible source locations 
suggested by interpretation of the PSCF distributions. For Eagle Harbor, these likely locations of 
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Table 14. Summary for Total PCBs 
Site Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#1 Weak loading for T p=0.112 
Cl-10(4): WI, n IL 
CL-12 (6): L&V, Sault Ste. Marie? 
CL-7 (4): MN, Wl, IA 
WI, c&s MN,ne lA,n lL,w lp MI se NE, s IA, c&s IL, IN 
SB PC#1 Moderate loading for T p=0.059 
CL-2(3): se WI, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se Wl, ne IL, sw Ip Ml, nw IN Phantoms suggest Chicago, 
Saginaw-Bay City-Midland Ml, 
plus unknown source nw of site 
SP PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.745 
CL-10 (4): NY, New England, Que. 
Upstate NY (Buffalo?), w PA (Pittsburgh?), KY Phantoms suggest Pittsburgh, perhaps 
Cincinnati, and Hamilton or Toronto 
ID PC#1: Mod loading for T, 
SolRad 
p=0.179 
CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
CL-5 (13): L&V, IL, IN, sw Ip Ml, Wl 
w Wl, se lL Phantoms suggest Chicago, w Ip Ml, 
unknown source to the south of site 
IT PC#1: Strong loading for T, 
moderate for SolRad 
p=0.161 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO, small areas of w and n Ip Ml Source somewhere nw of sampling site? 
Note: See section 3.2.5 for definition of abbreviations. 
sources include all of Wisconsin, central and southern Minnesota, northeastern Iowa, northern 
Illinois, and the western Lower Peninsula of Michigan. Likely source areas for Sleeping Bear 
include areas adjacent to southern Lake Michigan-southeastern Wisconsin, northeastern Illinois, 
northern Indiana, and the southwestern Lower Peninsula of Michigan. The most likely source 
areas for Sturgeon Point include upstate New York, presumably the Buffalo/Niagara Falls urban 
and industrial area, as well as western Pennsylvania, presumably the Pittsburgh area. Likely 
source areas for Indiana Dunes include southeastern Illinois and western Wisconsin, which could 
be a phantom for the Chicago area. Likely source areas for HT include all of Illinois, southeast 
Missouri, and small areas of the western and northern Lower Peninsula of Michigan. At each 
sampling site, the likely source locations at all sites, except Sturgeon Point, are consistent with 
the southerly wind trajectory clusters identified above. From evidence presented above, we 
should expect that volatilization of sorbed PCBs near urban and industrial areas would be the 
major sources within these areas. 
Source locations considered to be possible from interpretation of the PSCF distributions 
include a number of urban areas, such as Chicago, Saginaw—Bay City—Midland, Pittsburgh, 
Cincinnati, and Hamilton/Toronto. There were also indications of unknown sources: one 
northwest of Sleeping Bear, one south of Indiana Dunes, and one northwest of IIT. 
3.7.2 Pesticides 
3.7.2.1 HCHs 
Summary results for α- and γ-HCH are given in Tables 15 and 16, respectively. In each 
table, column 2 lists evidence for source locations based on PCA. Two of the five sites (Eagle 
Harbor and Sturgeon Point) had high loadings for mean temperature on the same component in 
which α-HCH appeared, and both of these sites also had moderate loadings for solar radiation. 
Moderate loadings for temperature occurred on the same component with α-HCH at Indiana 
Dunes and Sleeping Bear. Wind direction frequencies also appeared on the same component as 
α-HCH at four of the five sites-south winds (moderate loading) at Eagle Harbor, east winds at 
Sleeping Bear (strong) and Indiana Dunes (moderate), and both north (moderate) and east 
(strong) winds at IIT. Concentrations of α-HCH were inversely correlated with wind speed at 
Sleeping Bear. 
The α-HCH appeared with a moderate loading on only one principal component at each 
of the five sites. Table 16 shows that, although γ-HCH appeared on the same component as α-
HCH at four of the five sites (ITT was the exception), γ-HCH also appeared on additional 
components at two sites. At Sleeping Bear, γ-HCH also appeared on the first principal 
component; it was associated with a moderate loading for temperature. At Indiana Dunes, γ-
HCH also appeared on the first principal component; it was associated with moderate loadings 
for temperature and solar radiation. It also appeared on the second principal component; it was 
inversely correlated with wind speed. At HT, γ-HCH appeared on a completely different 
principal component than α-HCH (the first); it was associated with a strong loading for 
temperature and a moderate loading for solar radiation, but it was not associated with wind 
direction, as α-HCH was. 
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Table 15. Summary for α-HCH 
Evidence from PSCF results 
Source locations supported by 
Site Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.310 
CL-10(4): WI, n IL 
s WI, ne lA, n IL Wedge vertex in n lower Ml 
SB PC#4:Moderate loading for T and p=0.143 Ip Ml, n IN Previous high-usage areas of the 
E winds, Inv correl w WS CL-11 (3): se Wl, s MN, SD, s ND, MT southeastern U.S. 
SP PC#1 :Strong loading for T, p=0.428 w NY (Buffalo?), s OH, e KY, Ont n of Georgian Phantom suggests Hamilton/Toronto, 
mod loading for SolRad CL-4 (6): ne OH, w PA, MD, e VA, e NC Bay perhaps Philadelphia 
ID PC#4: Mod loading for T, p=0.176 sw IL, se MO, c IN (Indianapolis?), nw Ip Ml Phantom suggests Ml n lower peninsula, 
E winds CL-8 (2): IN, OH, e KY, e TN, GA possibly areas of previous use in se U.S. 
and Mississippi Delta area 
IT PC#4: Strong loading for E winds, p=0.324 Wl, small areas of n IL Wedge-shaped area suggests source to 
moderate for N winds CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
nw of site, also In Ip Ml 
Note: See section 3.2.5 for definition of abbreviations. 
Table 16. Summary for γ-HCH 
Note: See section 3.2.5 for definition of abbreviations. 
Evidence from PSCF results 
Source locations supported by 
Site Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.063 
CL-10(4): WI, n IL 
Wl, se MN, ne IA, n IL, up Ml, w Ip Ml Former high use area in S.E.U.S.? 
SB PC#1 :Moderate loading for T p=0.168 Ip MI, n IN Previous high-usage areas of the 
PC#4:Moderate loading for T and 
E winds, Inv correl w WS 
CL-9 (2): w Ip of Ml, IN, c KY, e TN southern U.S. 
SP PC#1 :Strong loading for T, p=0.616 Ml, Ohio Valley, c & w PA Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-1 (9): nw PA, OH, IN, KY, TN Cincinnati 
ID PC#1: Mod loading for T, SolRad p=0.297 se MO, n IN, w Ip Ml, ne Wl Phantoms suggests Ml w lower peninsula, 
PC#2: Inv correl with WS CL-8 (2): IN, OH, e KY, e TN, GA and ne Wl, and possibly areas of previous 
PC#4: Mod loading for T, E winds CL-2 (2): n IL, IA, MN, SD, NE 
CL-4 (2): Wl, MN 
use in se U.S. and Mississippi Delta. 
IT PC#1: Strong loading for T, p=0.167 Wl, small areas of n IL Wedge-shaped area suggests source to 
moderate for SolRad CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
nw of site, also in Ip Ml 
Clearly, concentrations of α- and γ-HCH are affected by temperature and sunlight-
moderated volatilization of sorbed material at most sites, but the influence of wind direction is 
also apparent at some sites. The two HCH isomers were both associated with the same wind 
directions at Eagle Harbor and Indiana Dunes but not at IIT, where α-HCH was associated with 
both north and east winds, and γ-HCH was not associated with any wind directions. The 
indicated influence of wind direction is apparently in conflict with results from the cluster 
analyses, discussed next. 
Cluster analysis results for both HCHs are given in column 3 of Tables 15 and 16, 
respectively. For α-HCH, the probabilities that median concentrations are the same in all clusters 
are <0.20 for only two of the five sites, Sleeping Bear and Indiana Dunes; even at those sites the 
clusters with the highest concentrations do not agree with the easterly wind directions identified 
by PCA as being associated with high concentrations. For γ-HCH, probabilities are <0.20 at three 
of the five sites. However, the only site with p <0.20 for both isomers is Sleeping Bear. For α-
HCH, three of the five sites observed high concentrations in a cluster pointing southward; for γ-
HCH, the same was true at all five sites. As found earlier for the PCBs, the association of high 
concentrations with trajectories from the south is consistent with the PCA result that higher 
concentrations occur with higher temperatures. However, we also note that PCA showed higher 
concentrations with east winds at some sites. 
How can we account for this seeming discrepancy? First, it is well to recall that the wind 
direction frequencies used in the PCA are based on surface (10 m) winds, whereas the back-
trajectories are computed from upper air winds. Second, although the clusters are computed to 
minimize within-group variance and maximize differences between clusters, individual clusters can 
include somewhat diverse trajectories, particularly their close-in direction of approach to the 
sampling site, as shown for Eagle Harbor in the trajectory cluster plots in Figure 22. Thus, the 
finding of a sizable loading for a surface wind direction frequency is likely to point to a relatively 
nearby source, which may or may not be reflected in the cluster analysis results. 
Likely and possible sources of α- and γ-HCH are listed in columns 4 and 5, respectively, 
of Tables 15 and 16. The tables list a variety of likely source areas at each sampling site, but states 
identified as having likely source regions by two or more sites are particularly worthy of mention. 
Wisconsin was indicated as a likely source area for α-HCH at two sites, one of them limiting the 
source region to the southern part of the state. Wisconsin was identified as a likely source area 
for γ-HCH at three sites, one of which pointed specifically to the northeastern part of the state. 
Illinois was identified as a likely source region for α-HCH by three sites and for γ-HCH by 
two. The northern part of the state was specifically identified in four of these cases, and 
southwestern Illinois in the other. 
Indiana was also identified as a likely source region for the HCHs. Two sites indicated 
that the state was a source area for α-HCH and two for γ-HCH. Three of these four cases 
specifically targeted northern Indiana, and the other indicated central Indiana. 
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The state most frequently identified as a source of both HCH isomers was Michigan. Two 
sites identified the state as a source of α-HCH and four sites indicated that it was a source of γ-
HCH. Two cases specifically targeted the Lower Peninsula, two targeted the western Lower 
Peninsula, and one targeted the northwestern Lower Peninsula. Recall that a surface wind 
analysis for the three highest γ-HCH concentrations at Sleeping Bear also pointed to a location 
somewhere to the east of that site, likely in the northern Lower Peninsula. 
Likely source areas of the HCHs identified at the Sturgeon Point site were mostly different 
from those identified at the other sites, including western New York, central and western 
Pennsylvania, southern Ohio, eastern Kentucky, and a portion of Ontario north of Georgian Bay. 
Possible source locations based on interpretation of the PSCF distributions are also 
identified in Tables 15 and 16. These include locations also identified as likely locations, including 
the Lower Peninsula of Michigan, especially the northern Lower Peninsula. Possible source areas 
also include areas of previous high usage in the southeast United States and the Mississippi River 
delta region. Some urban/industrial areas were also identified as possible source regions. These 
include Hamilton/Toronto, Philadelphia, Pittsburgh, and Cincinnati. 
To review, source area analyses for the HCHs indicate that concentrations are sensitive to 
temperature and solar radiation, particularly at the more remote sites, except when wind direction 
is also a strong influence. Cluster analysis is consistent with the indication of temperature as a 
major influence in that high concentrations are frequently found in trajectories from southerly 
directions, but this does not identify some of the more localized source regions indicated by local 
surface winds. Likely source regions were identified in Wisconsin, Illinois, Indiana, and 
Michigan—states surrounding the western Great Lakes. Western and/or northern portions of the 
Lower Peninsula of Michigan appear to be particularly likely source areas. The widespread nature 
of these areas is consistent with current or previous agricultural applications in the Great Lakes 
area. Possible source regions include areas of previous heavy usage in the southern United States 
and some urban/industrial areas. 
3.7.2.2 Dieldrin 
Summary results for dieldrin are given in Table 17. Principal components results are given 
in column 2. Dieldrin appears on a single component at Eagle Harbor, Sturgeon Point, and IIT, 
and on two separate components each at Sleeping Bear and Indiana Dunes. On each of these 
components, mean temperature is also present at loadings ranging from moderate (two 
components each at Sleeping Bear and Indiana Dunes) to strong (single components at Eagle 
Harbor, Sturgeon Point, and IIT). Solar radiation is also present on four components, each with a 
moderate loading. Wind directions are present with at least moderate loadings at Eagle Harbor 
(south winds), Sleeping Bear (south winds), and Indiana Dunes (east winds). For dieldrin, we see 
the influence of temperature and sunlight on concentrations at all sampling sites, and the influence 
of wind direction at three of the five sites. 
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Table 17. Summary for Dieldrin 
Site Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF>0.6 in areas of>25 endpoints/cell Other possible source locations 
E H PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.002 
CL-10(4):WI, n IL 
CL-5 (2): up Ml, n Wl 
CL-7 (4): MN, Wl, IA 
Wl, se MN, ne IA, n IL, up Ml, w Ip Ml se NE, IA, c&s IL, IN, w OH 
S B PC#1 :Moderate loading for T 
PC#3:Moderate loading for T, 
strong for S winds 
p=0.002 
CL-2(3):se WI, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
Ip MI, n lN,se Wl, n IL 
S P PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.119 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
w PA, se Ip Ml, OH, IN, KY (corn belt) 
ID PC#1: Mod loading for T, SolRad 
PC#4: Mod loading for T, E winds 
p=0.015 
CL-2 (2): n IL, IA, MN, SD, NE 
Ip MI, n lN, se IL, se MO Areas of previous use in s and se U.S. 
IT PC#1: Strong loading for T, 
moderate for SolRad 
p=0.033 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
IL, se MO Small phantoms suggest sources in Ip Ml 
Note: See section 3.2.5 for definition of abbreviations. 
Cluster analysis results are given in column 3 of Table 17. The Kruskal-Wallis 
probabilities are all <0.12, and four of the five are <0.05; there is ample evidence of significant 
variations in concentration between clusters in this case. At four of the five sites, including the 
two with south winds on the same component as dieldrin, at least one of the highest-
concentration clusters shows transport from the south. 
Likely and possible source locations for dieldrin, based on PSCF distributions, are listed 
in columns 4 and 5 of Table 17. The following locations were identified as likely sources areas 
within individual states, based on data from multiple sites. Wisconsin was identified as a likely 
source area for two sites, and one of them specifically targeted the southeast part of the state. 
Illinois was identified as a source area four times, two indicated northern Illinois, and one 
indicated the southeast portion of the state. Southeast Missouri was identified as a likely source 
area at two sites. Indiana was identified at three sites, two of them indicated the northern portion 
of the state. The Lower Peninsula of Michigan was indicated as a source area for four sites, with 
the western and southeast portions of the Lower Peninsula each specifically targeted once. Other 
areas indicated as likely source areas by individual sampling sites include southeast Minnesota, 
northeast Iowa, the Upper Peninsula of Michigan, western Pennsylvania, Ohio, and Kentucky. 
Possible source regions listed in column 5 include several areas also indicated as likely in 
Illinois, Indiana, the Lower Peninsula of Michigan, Iowa, and Ohio. Interpretation of the PSCF 
distributions also suggests the possibility, based on one site, that areas of previous use in the 
southern United States may be contributing material observed at the Great Lakes sampling sites. 
Overall, the results for dieldrin show a rather strong dependence of concentrations on 
temperature and solar radiation, as found for other pesticides, and the trajectory cluster analysis 
and the PSCF analysis point mainly toward the Corn Belt. This is consistent with temperature-
modulated continued emissions of dieldrin, a breakdown product of aldrin, which was previously 
used on corn. We note from Figure 9 that the highest observed mean and median concentrations 
were observed at IIT and Indiana Dunes. This may be because these are the two sites nearest to 
the Corn Belt. Another possibility is that aldrin or dieldrin may have been manufactured in the 
Chicago area, but there was nothing in the results of the various analyses that pointed specifically 
to the Chicago area as a source area. 
3.7.2.3 HCB 
Summary results for HCB are shown in Table 18. Column 2 gives results from PCA. The 
HCB appears on multiple components at three of the five sampling sites. At least one of these 
components at each site has at least a moderate loading for mean temperature. Overall, there are 
three strong and four moderate loadings for temperature. Four moderate loadings for solar 
radiation were also found. These results are very similar to those for other pesticides, and show 
the relatively strong dependence of concentration on temperature and sunlight. The loadings of 
wind direction frequencies were moderate at three sites: south winds at Eagle Harbor, and east 
winds at Sleeping Bear and Indiana Dunes. 
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Table 18. Summary for HCB 
Site Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 






PC#2 No met 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
PC#1: Moderate loading for T 
PC#4: Moderate loading for T and 
E winds, Inv correl w WS 
PC#1 :Strong loading for T, 
mod loading for SolRad 
PC#1: Mod loading for T, SolRad 
PC#4: Mod loading for T, E winds 
PC#1: Strong loading for T, 
moderate for SolRad 
p=0.230 
Little variation between clusters 
p=0.367 
CL-5 (3): up & Ip of Ml, Wl, nw Ont 
p=0.796 
Little variation between clusters 
p=0.234 
CL-8 (2): IN, OH, e KY, e TN, GA 
p=0.358 
Little variation between clusters 
n Wl, se WI, n MN, w lp MI 
ne IL, sw Ip Ml 
Upstate NY (Buffalo?), Ohio Valley 
n IN, w lp MI 
IL, sw Wl, se MN 
c IL, IN 
Detroit area 
Phantom suggests Hamilton/Toronto 
Phantoms suggests Ml w lower peninsula 
or upper peninsula 
Phantom suggest possible source in Ip Ml 
Note: See section 3.2.5 for definition of abbreviations. 
Cluster analysis results are shown in column 3. Kruskal-Wallis probabilities are rather 
high, with p <0.25 at only two sites, and no values of p <0.20. At three of the five sites the 
variations in concentration between clusters were too small to choose any particular clusters to 
list as possibly higher than others. 
Likely and possible source areas are listed in columns 4 and 5 of Table 18. The likely 
sources are generally concentrated in the vicinity of the sampling sites in the western Great Lakes 
states of Wisconsin, Illinois, Indiana, and Michigan. Three sites identified the western or 
southwestern Lower Peninsula of Michigan as a likely source area. This area was also targeted as 
a possible source area for two sites. The HCB is an industrial compound as well as a pesticide, 
which may account for the suggestion of upstate New York (perhaps Buffalo) as a likely source 
area, and for the indications of the Detroit area and the Hamilton/Toronto area as possible source 
areas. 
Overall, however, these sources must be considered relatively minor compared to the total 
concentrations of HCB in the atmosphere, and not in contrast to the existing primary picture of 
HCB as a global pollutant well mixed in the troposphere (Johnson et al., 1990), but still 
dependent on temperature. 
3.7.2.4 Chlordane Compounds 
Summaries for γ- and α-chlordane are given in Tables 19 and 20. Principal components 
results are listed in column 2 of both tables, and are identical. Temperature loadings ranging from 
moderate to strong appeared on the same component as the chlordane compounds at four of the 
five sampling sites. There were two strong and two moderate temperature loadings, with a slight 
tendency for the stronger loadings to occur at the more urban sites. There were also two 
moderate loadings for solar radiation associated with the chlordane components, as well as wind 
direction frequencies at two sites. South winds were associated with the chlordane component at 
Sleeping Bear, and east winds were indicated at Indiana Dunes. Overall, the results for the 
chlordane compounds are much like those of the other pesticides. Concentrations increase with 
temperature and sunlight at most sites, and wind direction is important at some sites. 
Results from the trajectory cluster analyses are given in column 3 of Tables 19 and 20. 
Results for the two compounds are very similar, but in this case not identical. For γ-chlordane, 
the Kruskal-Wallis probabilities are all <0.10, and four of the five are <0.05. For α-chlordane, all 
the probabilities are <0.11, and three of the five are <0.05. Thus, for both compounds, there is 
ample evidence for differences in concentrations between clusters. For both compounds, the 
cluster analysis results are consistent with the finding that temperature influences concentrations 
in that clusters with a southerly component are among the top two median concentrations at four 
of the five sites. 
Indiana Dunes is the site with no southerly pointing cluster, but PCA identified an east 
wind influence there. Oddly enough, the cluster corresponding to the highest median 
concentration points to the west, not the east; but a phantom in the PSCF distribution indicates a 
possible source in the western Lower Peninsula of Michigan. 
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Table 19. Summary for γ-Chlordane 
Site Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
E H PC#2 No met p=0.091 
CL-5(1):up MI, n WI 
CL-3 (3): L&V, all directions 
n Wl, se MN, up Ml, nw Ip Ml WI, lp MI, e lL, IN, OH, w PA 
S B PC#3:Moderate loading for T, 
strong for S winds 
p=0.015 
CL-2 (3): se Wl, IL, MO, AR 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se Wl, ne IL, Ip Ml, n IN 
• 
S P PC#1: Strong loading for T, 
mod loading for SolRad 
p=0.015 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
se Ip Ml, w PA, OH, IN, KY 
ID PC#4: Mod loading for T, E winds p=0.012 
CL-2 (2): n IL, IA, MN, SD, NE 
w Ip Ml, se IL, se MO, n IN Phantoms suggests Ml w lower peninsula 
or upper peninsula 
IT PC#1: Strong loading for T, 
moderate for SolRad 
p=0.049 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
c IL, se MO, small areas of Wl, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
Note: See section 3.2.5 for definition of abbreviations. 
Table 20. Summary for α-Chlordane 
Site Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 
PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#2 No met p =0.107 
CL-5(1):Ml u.p., n WI 
CL-3 (2): L&V, all directions 
CL-7 (2): MN, Wl, IA 
n Wl, se MN, up Ml, nw Ip Ml se NE, IA, c&s IL, Ip Ml, IN, OH, w PA 
SB PC#3:Moderate loading for T, 
strong for S winds 
p=0.038 
CL-2 (3): se Wl, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
CL-11 (3): se Wl, s MN, SD, s ND, MT 
se Wl, ne IL, Ip Ml, n IN 
SP PC#1 :Strong loading for T, 
mod loading for SolRad 
p=0.081 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
se Ip Ml, n Ip Ml, w PA, OH, IN, KY 
ID PC#4: Mod loading for T, E winds p=0.014 
CL-2 (2): n IL, IA, MN, SD, NE 
Ip Ml, s IL, se MO, n IN Phantoms suggests Ml w lower peninsula 
or upper peninsula 
IT PC#1: Strong loading for T, 
moderate for SolRad 
p=0.041 
CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-8 (7): IL, s MO, AR 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
c IL, se MO, sw Wl, ne IA, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
Note: See section 3.2.5 for definition of abbreviations. 
Results from the PSCF analyses are given in columns 4 and 5 of Tables 19 and 20. 
Results for the two compounds are quite similar, but not identical. The following locations were 
identified as likely sources areas within individual states by analysis of data at two or more 
sampling sites. In Wisconsin, the northern and southeastern portions of the state were identified as 
likely source areas for both compounds; scattered small areas throughout the state were indicated 
as sources of γ-chlordane, and southwestern Wisconsin was indicated as a likely source area for 
α-chlordane. In Illinois, likely sources of both compounds were identified in the northeastern and 
central portions of the state; the southeastern and southern sections were indicated as likely 
source areas of γ- and α-chlordane, respectively. 
In Indiana, results were the same for both chlordane compounds, indicating the entire state 
as a source for one of the sampling sites and the northern portion of the state at two others. Most 
sections of Michigan were identified as source locations by one chlordane compound or the other, 
or both, including the Upper Peninsula and northwestern, western, and southeastern portions of 
the Lower Peninsula. Other areas identified as likely source areas for both compounds by data 
from single sampling sites include southeastern Minnesota, northeastern Iowa, Ohio, Kentucky, 
and western Pennsylvania. 
Possible source locations (column 5, Tables 19 and 20) mostly include areas previously 
identified as likely locations. 
Overall, the results for γ- and α-chlordane agree substantially with those for the other 
pesticides. Concentrations are influenced by revolatilization of previously deposited materials, 
modulated by temperature and sunlight, and likely source locations essentially blanket the states 
upwind (i.e., to the south) of the various sampling sites under conditions with high temperatures. 
3.7.2.5 DDT Compounds 
Summary results for DDT and DDE are given in Tables 21 and 22, respectively. Principal 
components results are listed in column 2 of both tables. The DDT loadings ≥0.40 are found on 
multiple components at only one of the five sites; DDE loadings ≥0.40 occur at three of the five 
sites, perhaps suggesting that source locations for the breakdown product DDE are more 
widespread and diffuse than those of the original DDT compound. As in the case of the other 
pesticides, temperature and solar radiation influence concentrations. Temperature appears on the 
same component as DDT, with loadings ranging from moderate to strong at four of the five 
sampling sites; the same is true for DDE at all five sites. Solar radiation appears with moderate 
loadings on the same component as the respective pesticide at three sites for DDT and four sites 
for DDE. South winds are present on both the DDT and DDE components at Eagle Harbor and 
on the DDE component at Sleeping Bear. East winds occur on the components of both 
compounds at Indiana Dunes. Overall, the results for DDT and DDE are much like those of the 
other pesticides. Concentrations increase with temperature and sunlight at most sites, and surface 
wind direction is important at some sites. 
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Table 21. Summary for DDT 
Evidence from PSCF results 
Source locations supported by 
Site Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#4: Mod loading S winds p=0.067 
CL-10(4): WI,n lL 
c & se WI nw Ontario 
SB PC#1 :Moderate loading for T p=0.289 
CL-2 (3): se Wl, IL, MO, AR 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
se WI, ne lL, sw Ip MI 
SP PC#1 :Strong loading for T, p=0.270 w PA (Pittsburgh?), e OH, Ohio Valley Phantoms suggest Pittsburgh, perhaps 
mod loading for SolRad CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-1 (9): nw PA, OH, IN, KY, TN 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
Cleveland or Cincinnati, possible 
unknown source(s) to the nw of the 
sampling site (Michigan?). 
ID PC#1: Mod loading for T, SolRad p=0.492 n lN, sw Ip MI Phantoms suggests Ml w lower peninsula, 
PC#4: Mod loading for T, E winds CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
or upper peninsula, and possibly Chicago 
IT PC#1: Strong loading for T, p=0.074 c IL, se MO, c Wl, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
moderate for SolRad CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
source to nw of site, possibly In Chicago 
area or Wl, possible LRT from Gulf states 
Note: See section 3.2.5 for definition of abbreviations. 
Table 22. Summary for DDE 
Evidence from PSCF results 
Source locations supported by 
Site Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
E H PC#1: Weak loading for T 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.012 
CL-10(4):WI, n lL 
CL-5 (2): up Ml, n Wl 
CL-7 (4): MN, Wl, IA 
Wl, se MN, ne IA, n IL, w Ip Ml se NE, lA, c&s IL, Ip MI, IN, w OH 
S B PC#1 Moderate loading for T 
PC#3:Moderate loading for T, 
strong for S winds 
p=0.081 
CL-10 (4): Ip of Ml, se Wl, ne IL, n IN 
CL-2 (3): se Wl, IL, MO, AR 
CL-9 (2): w Ip of Ml, IN, c KY, e TN 
se WI, ne lL, s lp MI, n IN 
SP PC#1 :Strong loading for T, p=0.210 Ohio Valley, se Ip Ml Phantom suggests source to nw, 
mod loading for SolRad CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-1 (9): nw PA, OH, IN, KY, TN 
possibly in Michigan 
ID PC#1: Mod loading for T, SolRad p=0.192 w Ip Ml, ec Wl, sw IL, se MO Phantoms suggests Ml w lower peninsula, 
PC#4: Mod loading for T, E winds CL-8 (2): IN, OH, e KY, e TN, GA 
CL-2 (2): n IL, IA, MN, SD, NE 
or upper peninsula, and possibly Chicago 
or east-central Wl 
IT PC#1: Strong loading for T, p=0.067 c IL, se MO, Wl, c Lake Michigan Phantoms suggests Ml w lower peninsula, 
moderate for SolRad CL-10 (1): n IL, s IA, n NE, MT, Wl, MN 
CL-4 (5): L&V: n IL, ne IA, e MN, Wl, 
w Ip MI 
source to nw of site, possibly in Chicago 
area or Wl, possible LRT from Gulf states 
Note: See section 3.2.5 for definition of abbreviations. 
Cluster analysis results for DDT and DDE appear in column 3 of Tables 21 and 22, 
respectively. For DDT, p-values were <0.25 at only two of five sites, but both of these values 
were <0.10. For DDE, all the p-values were <0.25, and two were <0.10. No p-values for either 
compound were <0.05. For both compounds, clusters with a southerly component are among the 
top two median concentrations at four of the five sites. Thus, the cluster analysis results are 
consistent with the finding from PCA that temperature influences concentrations. For both 
compounds, IIT is the sampling site without a trajectory cluster from the south among the highest 
concentrations. However, PCA shows a strong temperature association. The lack of an 
associated southerly trajectory cluster, combined with the observations of high ambient 
concentrations (Figure 9) at IIT, suggests widespread but relatively local sources, perhaps from 
revolatilization of material previously emitted during use around residences or in gardens by urban 
households. 
Likely and possible source locations from the PSCF analyses are shown in columns 4 and 
5, respectively, of Tables 21 and 22. The following are likely source locations within individual 
states, as targeted by results from multiple sites. The entire state of Wisconsin was identified as a 
likely source region for DDE by two sites. Central and southeast portions of Wisconsin were also 
indicated as sources of pollutants to specific sampling sites. In Illinois, northern and central 
portions of the state were indicated as likely source areas for DDT; and northern, northeastern, 
central, and southwestern portions of Illinois were targeted as DDE sources. In Michigan, the 
southwest Lower Peninsula was indicated as a likely source area for DDT by two sites; and areas 
of the western, southern, and southeastern Lower Peninsula were targeted as sources of DDE. 
Other areas targeted as likely sources of DDT by single sampling sites include southeast 
Missouri, northern Indiana, eastern Ohio, and the Ohio River valley. Similar likely sources of 
DDE include southeast Minnesota, northeast Iowa, and the Ohio River valley. 
The lists of possible source locations for DDT and DDE include support for likely source 
areas already identified, such as central and southern Illinois, the Lower Peninsula of Michigan, 
and Indiana. Possible source locations for DDT include some urban areas, such as Pittsburgh, 
Cleveland, and Cincinnati. 
Overall, the results for DDT and DDE agree substantially with those for the other 
pesticides, especially the chlordane compounds. Concentrations are influenced by revolatilization 
of previously deposited materials, modulated by temperature and sunlight. Likely source locations 
include most of Wisconsin and Illinois, and, as in the case of other pesticides, the western and 
southern Lower Peninsula of Michigan. Thus, the likely source areas cover most of the states 
upwind of the various sampling sites when winds are southerly and temperatures are high. 
3.7.2.6 PAH Compounds 
Summary results for ACNE, PHEN, PYRN, and CHRY, the four PAH compounds 
chosen for emphasis in this report, are given in Tables 23-26, respectively. Note that there were 
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not enough PAH data for any kind of analysis at IIT, and not enough data at Indiana Dunes for 
PSCF analysis. 
In each table, principal components results are given in column 2. Overall, PAHs appear 
on multiple components at more sites than for the other types of pollutants examined in this work. 
ACNE appears on three components at Eagle Harbor, two at Indiana Dunes, and one each at the 
other two sites. PHEN appears on two components each at Eagle Harbor and Sturgeon Point, 
and one each at the other two sites. PYRN appears on three components at Eagle Harbor, two at 
Sturgeon Point, and one each at the other two sites. CHRY appears on only one component at 
each of the four sampling sites. 
The frequency with which temperature appears on PAH components is lower than for the 
PCBs and the pesticides, and the frequency appears to vary with the molecular weight of the 
compound. For ACNE, temperature loadings >0.40 occur at three sites; one of these loadings is 
strong, one is moderate, and one is weak. For PHEN and PYRN, a temperature loading >0.40 
appears at only one site, but both are strong loadings. No temperature loadings >0.40 occur for 
CHRY. Thus, as molecular weight increases, the frequency of temperature loadings decreases for 
the PAHs, and overall the frequency is lower than for the PCBs and pesticides. 
The frequency of occurrence of solar radiation with loadings >0.40 is also somewhat 
lower (two occurrences for ACNE, and one each for PHEN and PYRN) than for the PCBs and 
pesticides; and negative loadings (inverse correlations) occur for PYRN and CHRY, the two 
highest molecular weight PAH compounds considered here. 
All the wind speed loadings that occur on PAH components are also negative, indicating 
inverse correlation with PAH concentrations. Negative loadings occur at two sites for ACNE, 
three for PHEN, two for PYRN, and one for CHRY. 
Wind directions occur with loadings >0.40 at only two sampling sites. Both west wind 
and south wind loadings appear (on separate components) at Eagle Harbor for ACNE, PHEN, 
and PYRN but not for CHRY. At Sturgeon Point, east wind loadings appear for PHEN, PYRN, 
and CHRY but not for ACNE. 
The PAHs behave differently from PCBs and pesticides in the following ways. 
Temperature is less of a factor, especially for the heavier compounds. Solar radiation is also less 
of a factor, indeed even a negative factor for the heavier compounds. Wind speed is somewhat 
more of a factor than for the PCBs and pesticides, and for PAHs some concentrations vary 
inversely with wind speed. Wind directions appear to point to likely sources: Duluth for Eagle 
Harbor and Buffalo for Sturgeon Point. Wind direction was not a factor at Sleeping Bear; nor, 
surprisingly, at Indiana Dunes, with industrial areas in Gary and Chicago to the west. Perhaps the 
contributions from heavy truck traffic on the Indiana Toll Road and Interstate 80/94, located to 
the south of the Indiana Dunes site, help to reduce variations with local surface wind direction. 
The reduced dependence on temperature and solar radiation indicates that revolatilization 
is less of a factor for PAHs than for the PCBs and pesticides, and probably not a factor for the 
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Table 23. Summary for ACNE 
Site Evidence from PCA Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 






PC#1 :Weak loading for T 
PC#3: Mod loading W winds 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
PC#2: No met 
PC#2: Inv correl with WS 
PC#1: Mod loading for T, SolRad 
PC#2: Inv correl with WS 
Not enough data for analysis 
p=0.217 
CL-5 (2): Ml u.p., n Wl 
CL-4 (6): nw Wl, MN 
CL-7 (4): MN, Wl, IA 
p=0.179 
CL-7 (6): L&V, Wl, w Ip of Ml, n IL 
CL-2 (3): se Wl, IL, MO, AR 
p=0.548 
CL-5 (7): L&V, Ontario, w NY, sw Que 
p=0.681 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
Not enough data for analysis 
w MN (Duluth?), e Wl, w Ip Ml 
Scattered mostly small areas in sw Wl, nw IL, 
e up Ml, w&s Ip Ml 
w NY (Buffalo), sw OH, se IN, e KY, 
' Ontario n of Georgian Bay (Sudbury?) 
Not enough samples for PSCF analysis 
Not enough data for analysis 
c IL, IN 
Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
Phantom suggests Buffalo, perhaps 
Hamilton/Toronto as well. 
Note: See section 3.2.5 for definition of abbreviations. 
Table 24. Summary for PHEN 
Evidence from PSCF results 
Source locations supported by 
Site Evidence from PC A Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#3: Mod loading W winds 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.099 
CL-11 (4): Ontario 
CL-10(4):WI, n IL 
CL-5 (2): up Ml, n Wl 
Wl, s MN, ne IA, n IL, w Ip Ml c IL, IN 
S B PC#2: No met p=0.209 
CL-2 (3): se Wl, IL, MO, AR 
Scatted mostly small areas in c Wl, n Ip Ml Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
SP PC#2: Inv correl with WS p=0.056 w NY (Buffalo), sw OH, se IN, e KY, Phantom suggests Buffalo, perhaps 
PC#4: Weak loading for E 
winds, Inv correl with SolRad 
CL-10 (4): NY, New England, Que. 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
CL-4 (6): ne OH, w PA, MD, e VA, e NC 
Ontario n of Georgian Bay (Sudbury?) Hamilton/Toronto as well. 
ID PC#2: Inv correl with WS p=0.708 
CL-4 (2): Wl, MN 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
Not enough samples for PSCF analysis 
IT Not enough data for analysis Not enough data for analysis Not enough data for analysis 
Note: See section 3.2.5 for definition of abbreviations. 
Table 25. Summary for PYRN 
Evidence from PSCF results 
Source locations supported by 
Site Evidence from PCA Evidence from cluster analysis PSCF >0.6 in areas of>25 endpoints/cell Other possible source locations 
EH PC#2 No met 
PC#3: Mod loading W winds 
PC#4: Strong loading T 
PC#4: Mod loading SolRad 
PC#4: Mod loading S winds 
p=0.245 
CL-11 (4): Ontario 
CL-10(4):WI, n lL 
s WI, se MN, ne lA, n IL 
SB PC#2: No met p=0.392 Scattered mostly small areas in wc Wl, nw IL, Phantoms suggest Chicago, Detroit, 
CL-2 (3): se Wl, IL, MO, AR n Ip Ml, w&s Ip Ml, ec MN unknown source to northwest of site, 
plus possibly Sudbury. 
SP PC#2: Inv correl with WS p=0.025 w NY (Buffalo), Ontario n of Georgian Bay Phantom suggests Buffalo, perhaps 
PC#4: Weak loading for E 
winds, Inv correl with SolRad 
CL-10 (4): NY, New England, Que. (Sudbury?) Hamilton/Toronto as well. 
ID PC#2: Inv correl with WS p=0.945 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
Not enough samples for PSCF analysis 
IT Not enough data for analysis Not enough data for analysis Not enough data for analysis 
Note: See section 3.2.5 for definition of abbreviations. 
Table 26. Summary for CHRY 
Site Evidence from PC A Evidence from cluster analysis 
Evidence from PSCF results 
Source locations supported by 






PC#2 No met 
PC#2: No met 
PC#4: Weak loading for E 
winds, Inv correl with SolRad 
PC#2: Inv correl with WS 
Not enough data for analysis 
p=0.727 
CL-11 (4): Ontario 
CL-10(4): Wl, n IL 
p=0.672 
CL-10 (4): Ip of Ml, se Wl, ne IL, n IN 
p=0.037 
CL-10 (4): NY, New England, Que. 
CL-7 (6): e Ip Ml, n OH, nw PA, w NY, 
sw Ontario 
p=0.317 
CL-7 (2): n IL, Wl, up Ml, nw Ontario 
Not enough data for analysis 
c & s WI, w MN (Duluth?) 
w WI, c MN, ne lp MI 
w NY (Buffalo), Ontario n of Georgian Bay 
(Sudbury?) 
Not enough samples for PSCF analysis 
Not enough data for analysis 
Phantom suggests Sault Ste. Marie 
Phantoms suggest Chicago, Detroit, 
unknown source to northwest of site, 
plus possibly Sudbury. 
Phantom suggests Buffalo, perhaps 
Hamilton/Toronto as well. 
Note: See section 3.2.5 for definition of abbreviations. 
heavier compounds. The PAH concentrations are more uniform year-round than PCBs and the 
pesticides, and in some cases they may be higher in winter than summer, which is consistent with 
the smaller dependence on, or even inverse relationship with, solar radiation. The inverse 
relationship with solar radiation is also consistent with the fact that the PAHs undergo 
photochemical transformations in the atmosphere, which should result in lower concentrations 
during strong sunlight.. The inverse correlation between concentrations and wind speed means 
increased concentrations during stagnations, which suggests that local near-surface sources are 
important contributors, at least some of the time. 
Cluster analysis results for the four PAH compounds are given in column 3 of Tables 23-
26. The Kruskal-Wallis p-values provide some incentive to examine the clusters with the highest 
median concentrations; but, as usual strong evidence of variations between clusters is mostly 
lacking. For ACNE, two of four p-values were <0.25, but none were <0.05. For PHEN, three of 
four values were <0.25 and 2 were <0.10, but none were <0.05. For PYRN, two values were 
<0.25 and one was <0.05. For CHRY, one value was <0.25, and it was also <0.05. 
Examination of the trajectory clusters of all four PAHs in Tables 23-26 shows that the 
highest one or two median concentrations at Eagle Harbor and Sleeping Bear occur with 
trajectories with a southerly component. This is not true at Sturgeon Point and Indiana Dunes. 
Thus, the overall frequency of southerly trajectories is smaller for the PAHs, in keeping with the 
smaller influence of temperature and solar radiation on concentrations. Then too, the southerly 
trajectories at the two northernmost sampling sites often point to some nearby sources (e.g., 
Duluth) or larger but more distant urban sources (e.g., Chicago). 
Results of the PSCF analyses on the four PAH compounds are shown in columns 4 and 5 
of Tables 23-26. These analyses were carried out only at Eagle Harbor, Sleeping Bear, and 
Sturgeon Point; the data were inadequate at the remaining sites. For the most part, the areas with 
PSCF values >0.6 within areas of endpoint density >25 per cell are mostly small and scattered. 
For the four PAH compounds, there appears to be much less agreement on source locations 
among the results from several sampling sites, although that might be partly because we have 
results from only three sites instead of five. In addition, Sturgeon Point is rather distant from the 
other two sites. 
For ACNE, states identified from more than one sampling site as having likely source 
areas include Wisconsin (specifically eastern and southwestern sections) and Michigan 
(specifically western and southern portions of the Lower Peninsula). Other likely source areas 
include western Minnesota (possibly a phantom for Duluth), the eastern Upper Peninsula of 
Michigan (Sault Ste. Marie?), northwestern Illinois, western New York (Buffalo/Niagara Falls?), 
the Ohio River valley, and the area of Ontario around Sudbury. Possible source locations, based 
on interpretation of the PSCF distributions, are mostly urban areas, including Chicago, Detroit, 
Sudbury, Buffalo, and Hamilton/Toronto. 
For PHEN, states identified from more than one sampling site as having likely source 
areas include Wisconsin (specifically the central section) and Michigan (specifically northern and 
western portions of the Lower Peninsula). Other likely source areas include southern Minnesota, 
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northeastern Iowa, northern Illinois, western New York (Buffalo/Niagara Falls?), the Ohio River 
valley, and the area of Ontario around Sudbury. Possible source locations, based on 
interpretation of the PSCF distributions, are mostly urban areas, including Chicago, Detroit, 
Sudbury, Buffalo, and Hamilton/Toronto. 
For PYRN, states identified from more than one sampling site as having likely source 
areas include Wisconsin (specifically the western, central, and southern sections), Illinois 
(northern and northwestern), and Minnesota (southeast and east central). Additional likely 
locations include northeastern Iowa, most of the Lower Peninsula of Michigan, western New 
York (Buffalo/Niagara Falls?), and the area of Ontario around Sudbury. The possible source 
locations remain the same as for ACNE and PHEN-all urban or industrial areas. 
For CHRY, states identified from more than one sampling site as having likely source 
areas include Wisconsin (specifically the west central and southern sections) and Minnesota 
(southeast and east central). Additional likely locations include the northeastern Lower Peninsula 
of Michigan, western New York (Buffalo/Niagara Falls?), and the area of Ontario around 
Sudbury. The list of possible source locations remains the same, with one addition-Sault Ste. 
Marie. 
Overall, the behavior of the PAHs is quite different from that of the PCBs and pesticides. 
They are less dependent on temperature, so revolatilization of previously deposited materials 
does not appear to be such a large influence on concentrations, especially for the higher 
molecular weight compounds. A reduced dependence on solar radiation is also consistent with 
the relatively uniform year-round concentrations of most PAHs, and the occasional inverse 
relationship might be explained by the greater atmospheric photoreactivity of the PAHs. The 
inverse correlation between concentrations and wind speed suggests that local near-surface 
sources can be important contributors. The PSCF distributions, and even the trajectory clusters, 
mostly point to urban and industrial locations. 
4. CONCLUSIONS 
4.1 General Conclusions 
Observed concentrations generally increase from the most remote to the most urban 
sampling sites, i.e., in the order Eagle Harbor, Sleeping Bear, Sturgeon Point, Indiana Dunes, and 
HT. A notable exception was γ-HCH (lindane), for which the highest mean and median 
concentrations were observed at Sleeping Bear. 
Numbers of samples were adequate for PCA, but they were mostly too small to permit 
firm conclusions from the trajectory cluster analyses alone. The number of samples at a 
sampling site also determines the density of trajectory endpoints (endpoints per grid cell), which 
in turn determines the area of maximum confidence in source locations indicated by the potential 
source contribution function analysis. Samples available for these analyses limited areas of 
endpoint density >25 per cell to within a few hundred miles of the sampling site. Additional 
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samples would increase the area of maximum confidence in indicated source locations. Careful 
interpretation of "phantoms" in the PSCF distributions can suggest locations of strong sources in 
areas of more limited endpoint density. 
This work demonstrates the utility of the multiple-technique approach to identifying 
source locations from limited data sets. 
4.2 PCBs 
The higher loadings values for temperature at the most urban sites, and the occurrence of 
moderate loadings for solar radiation only at the most urban sites, suggest that the release of 
sorbed PCBs into the atmosphere under conditions of high temperatures and strong sunlight 
occurs primarily near urban and industrial source areas. This could imply that most of the sorbed 
PCBs are still located near their original source areas, perhaps buried in landfills, which may 
explain why observed concentrations were highest at the IIT and Indiana Dunes sites. The 
weaker loadings for temperature at the more remote sites could indicate that, although 
temperature-modulated volatilization influences concentrations at remote locations, this 
influence is reduced because of their distance from the strongest volatilization sources. 
Probabilities that median concentrations are equal in all clusters were less than 20% at 
four of the five sampling sites. Four of the five sites include at least one trajectory cluster with 
winds from the southeast through southwest among the highest concentrations. Similarly, four of 
the five sites also include one cluster that could be characterized as light and variable winds 
among the top concentrations. Winds with a southerly component are consistent with the finding 
that concentrations increase with temperature. Similarly, light and variable winds are consistent 
with increased concentrations caused by reduced ventilation of local emissions. 
At each sampling site, distributions of PSCF values indicate that the likely source 
locations at all sites, except Sturgeon Point, are consistent with the southerly wind trajectory 
clusters identified above. From evidence presented above, we should expect that volatilization of 
sorbed PCBs near urban and industrial areas would be the major sources within these areas. 
Source locations considered to be possible from interpretation of the PSCF distributions 
include a number of urban areas, such as Chicago, Saginaw-Bay City-Midland, Pittsburgh, 
Cincinnati, and Hamilton/Toronto. 
4.3 Pesticides 
Pesticides occurred on two or more principal components at four of the five sampling 
sites, suggesting multiple source locations. At the same time, many of the pesticides behave 
similarly to the PCBs-at least five of the ten pesticides considered in this work occurred on the 
same component as the PCBs at four of the five sampling sites. 
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Source area analyses for the HCHs indicate that concentrations are sensitive to 
temperature and solar radiation, particularly at the more remote sites, except when wind direction 
is also a strong influence. Cluster analysis is consistent with the indication of temperature as a 
major influence in that high concentrations are frequently found in trajectories from southerly 
directions; but it does not identify some of the more localized source regions indicated by local 
surface winds. Likely source regions were identified in Wisconsin, Illinois, Indiana, and 
Michigan-states surrounding the western Great Lakes. Western and/or northern portions of the 
Lower Peninsula of Michigan appear to be particularly likely source areas. The widespread 
nature of these areas is consistent with current or previous agricultural applications in the Great 
Lakes area. Possible source regions include areas of previous heavy usage in the southern United 
States and some urban/industrial areas. 
Overall, the results for dieldrin show a rather strong dependence of concentrations on 
temperature and solar radiation, as found for other pesticides; the trajectory cluster analysis and 
the PSCF analysis point mainly toward the Corn Belt. This is consistent with temperature-
modulated continued emissions of dieldrin, a breakdown product of aldrin, which was previously 
used on corn. The occurrence of the highest observed mean and median concentrations at IIT 
and Indiana Dunes may be because these are the two sites nearest to the Corn Belt. Another 
possibility is that aldrin or dieldrin may have been manufactured in the Chicago area, but there 
was nothing in the results of the various analyses that pointed specifically to the Chicago area as 
a source area. 
There is evidence that certain likely sources of HCB are generally concentrated in the 
vicinity of the sampling sites in the western Great Lakes states of Wisconsin, Illinois, Indiana, 
and Michigan. Three sites identified the western or southwestern Lower Peninsula of Michigan 
as a likely source area. This area was also targeted as a possible source area for two sites. The 
HCB is an industrial compound as well as a pesticide, which may account for the suggestion of 
upstate New York (perhaps Buffalo) as a likely source area, and for the indications of the Detroit 
area and the Hamilton/Toronto area as possible source areas. Overall, however, these sources 
must be considered relatively minor compared to the total concentrations of HCB in the 
atmosphere, and not in contrast to the existing primary picture of HCB as a global pollutant well 
mixed in the troposphere (Johnson et ah, 1990), but still dependent on temperature. 
Results for γ- and α-chlordane agree substantially with those for the other pesticides. 
Concentrations are influenced by revolatilization of previously deposited materials, modulated by 
temperature and sunlight. Likely source locations essentially blanket the states upwind (i.e., to 
the south) of the various sampling sites when temperatures are high. 
Results for DDT and DDE agree substantially with those for the other pesticides, 
especially the chlordane compounds. Concentrations are influenced by revolatilization of 
previously deposited materials, modulated by temperature and sunlight. Likely source locations 
include most of Wisconsin and Illinois, and as in the case of other pesticides, the western and 
southern Lower Peninsula of Michigan also are likely source locations. Thus, the likely source 
areas cover most of the states upwind of the various sampling sites when winds are southerly and 
temperatures are high. 
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4.4 PAHs 
The PAH compounds behave quite differently from the PCBs and pesticides. They are 
less dependent on temperature, so revolatilization of previously deposited materials does not 
appear to be such a large influence on concentrations, especially for the higher molecular weight 
compounds. A reduced dependence on solar radiation is also consistent with the relatively 
uniform year-round concentrations of most PAHs, and the occasional inverse relationship might 
be explained by the greater atmospheric photoreactivity of the PAHs, compared to the PCBs and 
pesticides. The inverse correlation between concentrations and wind speed suggests that local 
near-surface sources can be important contributors. The PSCF distributions, and even the 
trajectory clusters, mostly point to sources in urban and industrial locations. 
5. SUGGESTIONS FOR FUTURE WORK 
As part of any additional work on locating source regions, it would be useful to repeat the 
cluster analyses on an expanded data base that includes the additional available samples collected 
at Eagle Harbor, Sleeping Bear, and Sturgeon Point after mid-1994. 
Any further work along these lines should also give serious consideration to using the 
Stohl (1996) trajectory statistics approach as an alternative to the PSCF method. 
6. ACKNOWLEDGMENTS 
This research was made possible with funding from the Michigan Department of Natural 
Resources through the Michigan Great Lakes Protection fund. The views expressed in this report 
are those of the author, and do not necessarily reflect those of the sponsor or the Illinois State 
Water Survey. Special thanks are due those who, during previous projects, maintained the 
sampling equipment, and those who collected and analyzed the samples that made the present 
investigation possible. Eric Lee and Greg Dzurisin provided programming and data management 
support. Clyde Sweet helped with data acquisition, provided advice during the investigation, 
assisted in interpreting the results, and reviewed the manuscript. The manuscript was also 
reviewed by Gary Stensland. Eva Kingston and Agnes Dillon edited the manuscript. 
-188-
7. REFERENCES 
Code of Federal Regulations 1984. Part 136, Appendix B (October 22, 1984). 
Colborn, T. 1991. Epidemiology of Great Lakes bald eagles. Journal of Toxicology and 
Environmental Health 33:395-453. 
Dorling, S.R., and T.D. Davies. 1995. Extending cluster analysis-synoptic meteorology links to 
characterize chemical climates at six northwest European monitoring stations. 
Atmospheric Environment 29(2): 145-167. 
Dorling, S.R., T.D. Davies, and E.C. Pierce. 1992. Cluster analysis: a technique for estimating 
the synoptic meteorological controls on air and precipitation chemistry-method and 
applications. Atmospheric Environment 26A:2575-2581. 
Draxler, R.R. 1991. The accuracy of trajectories during ANATEX calculated using dynamic 
model analyses versus radiosonde observations. Journal of Applied Meteorology 30: 
1446-1467. 
Draxler, R.R. 1992. Hybrid single-particle Lagrangian integrated trajectories (HY-SPLIT): 
Version 3.0, User's Guide and Model Description. NOAA Technical Memorandum ERL 
ARL-195. Air Resources Laboratory, Silver Spring, MD. 
Draxler, R.R., and G.D. Hess. 1997. Description of the HYSPL1T_4 Modeling System, NOAA 
Technical Memorandum ERL ARL-224, Air Resources Laboratory, Silver Spring, MD. 
Fernau, M.E., and P.J. Samson. 1990a. Use of cluster analysis to define periods of similar 
meteorology and precipitation chemistry in eastern North America. Part I: Transport 
patterns. Journal of Applied Meteorology 29:735-750. 
Fernau, M.E., and P.J. Samson. 1990b. Use of cluster analysis to define periods of similar 
meteorology and precipitation chemistry in eastern North America. Part II: Precipitation 
patterns and pollutant deposition. Journal of Applied Meteorology 29:751-761. 
Flint, W.R., and J. Vena. 1991. Human Health Risks from Chemical Exposure: The Great Lakes 
Ecosystem. Lewis Publishers, Chelsea, MI, 295 pp. 
Fox, G.A., B. Collins, E. Hayakawa, D.V. Weseloh, J.P. Ludwig, T.J. Kubiak, and T.C. Erdman. 
1991a. Reproductive outcomes in colonial fish-eating birds: a biomarker for 
developmental toxicants in Great Lakes food chains. II. Spatial variation in the 
occurrence and prevalence of bill defects in young double-crested cormorants in the Great 
Lakes. Journal of Great Lakes Research 17:158-167. 
-189-
Fox, G.A., D.V. Weseloh, T.J. Kubiak, and T.C. Erdman. 1991b. Reproductive outcomes in 
colonial fish-eating birds: a biomarker for developmental toxicants in Great Lakes food 
chains. I. Historical and ecotoxicological perspectives. Journal of Great Lakes Research 
17:153-157. 
Gatz, D.F., C.W. Sweet, I. Basu, and K.S. Harlin. 1994a. Statistical distributions of airborne 
PCB and pesticide concentrations measured at regional sites on the Great Lakes. In 
Measurement of Toxic and Related Pollutants, Proceedings, 1994 EPA/AWMA 
Symposium, Air & Waste Management Association, Pittsburgh, PA, pp. 999-1001. 
Gatz, D.F., C.W. Sweet, I. Basu, S.J. Vermette, K.S. Harlin, and S. Bauer. 1994b. Great Lakes 
Integrated Atmospheric Deposition Network (IADN): Data Report, 1990-1992. Illinois 
State Water Survey Miscellaneous Publication 158. 
Harlin, K., L. Olszewski, D. Gatz, and C. Sweet. 1994. Great Lakes Integrated Atmospheric 
Deposition Network (IADN), Quality Assurance Report, 1990-1992. Illinois State Water 
Survey Miscellaneous Publication 162. 
Harris, J.M., and J.D. Kahl. 1990. A descriptive atmospheric transport climatology for the Mauna 
Loa observatory using clustered trajectories. Journal of Geophysical Research 95:13651-
13667. 
Hornshaw, T., R. Aulerich, and H. Johnson. 1983. Feeding Great Lakes fish to mink: effects on 
mink and accumulation and elimination of PCBs by mink. Journal of Toxicology and 
Environmental Health 11:933-946. 
International Joint Commission. 1998. St. Mary's River Area of Concern Status Assessment. 
Report submitted to the governments of the United States and Canada, December. 
Published by the International Joint Commission, Windsor, Ontario, Canada. 
Johnson, N.D., D.A. Lane, W.H. Schroeder, and W.M. Strachan. 1990. Measurements of selected 
organochlorine compounds in air near Ontario Lake: Gas-particle relationships. In Long 
Range Transport of Pesticides, D.A. Kurtz, Editor. Lewis Publishers, Inc., Chelsea, MI, 
pp. 105-114. 
Kubiak, T.J., H.J. Harris, M.L. Smith, T.R. Schwartz, D.L. Stalling, J.A. Trick, L. Sileo, D.E. 
Docherty, and T.C. Erdman. 1989. Microcontaminants and reproductive impairment of 
the Forster's tern on Green Bay, Lake Michigan-1983. Archives of Environmental 
Contamination and Toxicology 18:706-727. 
Majewski, M.S., and P.D. Capel. 1995. Pesticides in the Atmosphere. Ann Arbor Press, Inc., 
Chelsea, MI, pp. 90-99. 
-190-
Malm, W.C., C.E. Johnson, and J.F. Bresch. 1986. Application of principal components analysis 
for purposes of identifying source-receptor relationships. In Receptor Methods for Source 
Apportionment, T.C Pace, Editor. Publication TR-5, Air Pollution Control Association, 
Pittsburgh, PA. 
Moody, J.L., and P.J. Samson. 1989. The influence of atmospheric transport on precipitation 
chemistry at two sites in the midwestern United States. Atmospheric Environment 
23(10): 2117-2132. 
Moy, L.A., R.R. Dickerson, and W.F. Ryan. 1994. Relationship between back trajectories and 
tropospheric trace gas concentrations in rural Virginia. Atmospheric Environment 28(17): 
2789-2800. 
Poissant, L., and J.-F. Koprivnjak. 1996. Fate and atmospheric concentrations of α- and γ-
hexachlorocyclohexane in Quebec, Canada. Environmental Science & Technology 30: 
845-851. 
Puri, R.K., C.E. Orazio, S. Kapila, T.E. Clevenger, A.F. Yanders, K.E. McGrath, A.C. Buchanan, 
J. Czarnezki, and J. Bush. 1990. In Long Range Transport of Pesticides, D.A. Kurtz, 
Editor. Lewis Publishers, Inc., Chelsea, MI, pp. 271-289. 
Rolph, G.D. 1997. NGM Archive. Document TD-6140. NOAA Air Resources Laboratory, 
SSMCIJ, Silver Spring, MD. http://www.arl.noaa.gov 
Rummel, R.J. 1970. Applied Factor Analysis. Northwestern University Press, Evanston, IL. 
Sokal, R.R., and F.J. Rohlf. 1981. Biometry. W.H. Freeman & Co., New York. 
SPSS. 1997. SYSTAT 7.0: Statistics. SPSS, Inc., Chicago, IL. 
Stohl, A. 1996. Trajectory statistics-a new method to establish source-receptor relationships of 
air pollutants and its application to the transport of particulate sulfate in Europe. 
Atmospheric Environment 30(4):579-587. 
Swain, W.R. 1988. Human health consequences of fish contaminated with organochlorine 
compounds. Aquatic Toxicology 11:357-377. 
Sweet, C.W., K. Harlin, D.F. Gatz, and S. Bauer. 1996. Great Lakes Integrated Atmospheric 
Deposition Network (IADN): Data Report, 1993-1994. Illinois State Water Survey 
Miscellaneous Publication 173. 
-191-
Tatsukawa, R., Y. Yamaguchi, M. Kawano, N. Kannan, and S. Tanabe. 1990. Global monitoring 
of organochlorine insecticides-an 11-year case study (1975-1985) of HCHs and DDTs in 
the open ocean atmosphere and hydrosphere. In Long Range Transport of Pesticides, 
D.A. Kurtz, Editor. Lewis Publishers, Inc., Chelsea, MI, pp.127-141. 
U.S. Environmental Protection Agency. 1994. Deposition of Air Pollutants to the Great Waters. 
First Report to Congress, USEPA, Office of Air Quality Planning and Standards, 
Research Triangle Park, NC. 
Ward, J.H. 1963. Hierarchical grouping to optimize an objective function. Journal of the 
American Statistical Associatio. 58:236-244. 
Zeng, Y., and P.K. Hopke. 1989. A study of the sources of acid precipitation in Ontario, Canada. 
Atmospheric Environment 23(7): 1499-1509. 
-192-
I L L I N O I S 
N A T U R A L 
RESOURCES 
